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Spatial and temporal regulation of developmental gene transcription often 
involves regulatory sequences found in noncoding DNA separate from the gene’s 
promoter. Conservation of a noncoding region (CNR) across divergent species may 
indicate a regulatory region critical to basic morphogenesis. CNR-green fluorescent 
protein (GFP) constructs can demonstrate spatial and temporal CNR activity by 
microscopy visualization. However, characterization of regulatory modules within a CNR 
requires quantitative, in addition to qualitative, analysis. The study presented here 
describes the development and implementation of a novel application of flow cytometry 
in the quantitative characterization of CNRs. The technique couples fluorescent 
microscopy localization with flow cytometry distribution and expression level analysis, 
creating a technique more powerful than either on its own. To optimize the flow 
cytometric analysis technique, we examined the limb-specific Shh regulatory region, 
LSSRR. LSSRR is a CNR that tightly regulates the specific spatiotemporal expression of 
Shh, a crucial morphogen for limb patterning. Our data demonstrate that flow cytometric 
analysis can identify and quantify changes in the distribution and intensity of CNR 
activity. Thus, this technique can be used to characterize conserved regulatory modules 
xv 
necessary for limb morphogenesis. However, it is likely that other organs and tissues 
utilize specific CNRs. The technique developed here is widely applicable outside of limb 
development. This enhances our ability to characterize CNR-related regulatory modules 
in general, and the technique can be used to advance knowledge of organ patterning 
during development. 
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CHAPTER ONE 
INTRODUCTION 
 
Developmental Patterning by Signaling Pathways 
Signaling Pathways Regulate Developmental Patterning 
Development from single cells to a new organism is a complex process regulated 
by a small collection of developmental signaling pathways (Gerhart, 1999). Of this 
collection of signaling pathways, seven are responsible for most of animal development: 
hedgehog (Hh), wingless (Wnt), transforming growth factor-β (TGF-β), receptor tyrosine 
kinase (RTK), Notch, nuclear hormone receptor, and Janus Kinase/signal transducer and 
activator of transcription (JAK/STAT) (Gerhart, 1999; Pires-daSilva and Sommer, 2003). 
These pathways are used repeatedly and in various combinations during embryonic 
development—reutilized at multiple sites and times—to generate different, specific 
spatial arrangements of cell differentiation (i.e. patterning) (Wolpert, 1969; Gerhart, 
1999; Barolo and Posakony, 2002; Schoenwolf et al., 2009). The timing, location, 
regulation, and collective inputs into these developmental pathways generate uniquely 
different organs and body plans (Gerhart, 1999; Pires-daSilva and Sommer, 2003).  
 
Signaling Pathways Affect Developmental Target Genes 
Developmental signaling pathways are widely conserved and are used in a 
context-dependent manner (i.e. at specific times and places) to generate the conserved, 
basic body plan of divergent vertebrate species (Gerhart and Kirschner, 1997; Gerhart, 
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1999). The signaling pathways are remarkably diverse in their mechanism of signal 
transduction. Yet, during development the primary consequence is the same: specific 
spatial and temporal activation or repression of developmental target genes (Barolo and 
Posakony, 2002) contributes to embryo development and patterning. Thus, patterning and 
the emergence of unique organs can be considered in terms of how genetic information is 
reliably translated to produce specific spatial arrangements of cell differentiation 
(Wolpert, 1969).  
 
Regulation of Developmental Target Genes 
Regulation by Noncoding Regulatory Elements 
Developmental genes have tight spatial, temporal, and tissue-specific regulation 
to ensure reproducible outcomes of developmental processes and faithful replication of 
the species (Noonan and McCallion, 2010). Undoubtedly, regulation occurs at multiple 
levels (Britten and Davidson, 1969), including transcription, RNA processing, and post-
translation. Developmental signaling pathways maintain tight control over target gene 
expression, at least in part, by transcriptional regulation (Barolo and Posakony, 2002; 
Levine and Davidson, 2005). The transcriptional regulatory apparatus contains two 
components: regulatory molecules (i.e. transcription factors and signaling molecules) and 
the noncoding genome (Ben-Tabou de-Leon and Davidson, 2007). The noncoding 
genome includes gene promoters and regulatory elements distant from a gene’s promoter, 
such as enhancers. The noncoding genome is similar for all cells in an organism and 
controls where and when a gene is expressed (Davidson et al., 2003; Ben-Tabou de-Leon 
and Davidson, 2007).  
3 
Conserved Noncoding Regions (CNRs) 
The noncoding genome resides in the approximately 97% of the genome that does 
not encode for protein (Woolfe et al., 2005) and includes cis-regulatory sequences that 
are arranged in units (Ben-Tabou de-Leon and Davidson, 2007), which can be called 
regulatory regions. The regulatory regions respond to inputs from developmental 
signaling pathways to convey the specific spatiotemporal regulation of developmental 
gene transcription, thereby generating patterns of gene expression and hence, the events 
that create an organism’s body plan (Davidson et al., 2003; Revilla-I-Domingo and 
Davidson, 2003; Ben-Tabou de-Leon and Davidson, 2007; Noonan and McCallion, 
2010). These regulatory regions are typically conserved (and can, therefore, be termed 
conserved noncoding regions (CNRs)) across divergent vertebrate species with greater 
fidelity than coding sequences to ensure preservation of the basic body plan.  
CNRs, by their nucleotide sequence, provide the code that specifies transcription 
factor interaction and subsequent developmental gene regulation/expression (Davidson et 
al., 2003). Therefore, insights into the relationship between CNR composition (i.e. 
nucleotide sequence) and regulatory function are important for understanding 
developmental gene regulation.  
Vertebrate Limb Development: Morphogenesis 
The developing vertebrate limb is a long-standing model for studying 
developmental patterning (Cohn and Tickle, 1996). One of the greatest advantages to 
using the model is that the limb is an accessory organ not necessary for embryonic 
survival. Therefore, genetic, molecular, or surgical experimental manipulations that 
prevent or disrupt limb formation are compatible with embryo development and survival. 
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Vertebrate limbs are derived from discrete regions (limb fields) of the lateral plate 
mesoderm (LPM). The LPM comprises two strips of tissue that run along the length of 
the anterio-posterior (head-to-tail) body axis, lateral to the somites (Fig. 1). The first 
morphological indications of limb development are ventrolateral swellings on the body 
wall (Tickle and Eichele, 1994). Initially, limb buds are morphologically homogenous 
collections of mesenchymal cells of mesodermal origin covered by a layer of ectoderm. 
However, the mesenchyme becomes heterogeneous due to colonization by migrating 
cells (muscle and vascular precursor cells) from somitic mesoderm (Niswander, 2003; 
Fernandez-Teran and Ros, 2008). 
 
 
Figure 1. The limb is formed by cells from the lateral plate mesoderm 
(LPM) and the somitic mesoderm. Representation of a Hamburger-
Hamilton (HH) stage 16 chick embryo (left) (Hamburger and Hamilton, 
1951) and scanning electron microscopy section (right). The scanning 
electron microscopy photograph corresponds to a transversal section at 
the level of the presumptive wing (indicated with a red arrow). The limb 
develops from the LPM, and muscular precursors cells colonize the limb 
from the somitic mesoderm. Modified from Johnson and Tabin, 1997. 
 
 
 
Over time, the limb bud elongates along the proximo-distal (Pr-Di) axis (from 
shoulder to digit tip) while cells within the limb bud differentiate into various tissues of 
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the limb. The overt morphological manifestation of Pr-Di pattering is the skeleton, which 
is comprised of a proximal stylopod (humerus/femur), interposed zeugopod (radius and 
ulna/tibia and fibula), and distal autopod (digits) (Fig. 2). Limb patterning is also 
established along two other axes: the anterio-posterior (AP) axis (from the thumb to the 
little finger), and the dorso-ventral (Do-Ve) axis (from the knuckles to the palm) (Fig. 3) 
(Tickle and Eichele, 1994). 
 
Figure 2. Skeletal elements of the mouse limb. 
Alizarin red (bone) and alcian blue (cartilage) 
skeletal staining showing the forelimb skeletal 
pattern of a newborn mouse. The stylopod contains a 
unique element, the humerus; the zeugopod contains 
the ulna (u) and the radius (ra), and the autopod 
contains carpals, metacarpals and phalanges. 
Numbering of the autopod indicates the identity of 
each digit. From Haro, 2013. 
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Vertebrate Limb Development: Molecular Basis 
Signaling Centers in the Developing Limb 
Signaling centers within the limb bud operate through signaling pathways and 
molecules to regulate limb morphogenesis along the three axes of development (Tickle 
and Eichele, 1994; Tickle, 1995). There are three signaling centers: the apical ectodermal 
ridge (AER), the dorsal non-AER ectoderm, and the zone of polarizing activity (ZPA) 
(Fig. 3). 
 
Figure 3. Schematic of limb bud axes and signaling centers. A) Illustration of embryo 
with the forelimb indicated (boxed region). B) Dorsal view of forelimb depicting three 
coordinate axes, each with their own signaling center: proximo-distal (Pr-Di) outgrowth 
and patterning is controlled by the apical ectodermal ridge (AER – orange); anterio-
posterior (AP) patterning is controlled by the zone of polarizing activity (ZPA – purple); 
dorso-ventral (Do-Ve) patterning is regulated by the dorsal ectoderm (green). C) Lateral, 
end-on view of the axes and signaling centers. Modified from Oberg et al., 2010. 
 
 
Fibroblast growth factor (FGF) signals from the AER to the underlying 
mesenchyme promote Pr-Di outgrowth and patterning (Niswander et al., 1993; Fallon et 
al., 1994). Sonic hedgehog (SHH) protein secreted from cells of the ZPA drives AP 
patterning (Riddle et al., 1993; Chiang et al., 2001). Within the dorsal non-AER 
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ectoderm, the restricted expression of wingless related protein 7a (Wnt7a) directs Do-Ve 
patterning (Cygan, 1997; Oberg et al., 2010). The signaling pathways and molecules are 
interactive in patterning the limb bud (Tickle, 1995), but are also interdependent, 
mutually maintaining each other (Laufer et al., 1994; Niswander et al., 1994; Yang and 
Niswander, 1995). For example, FGFs expressed in the AER and SHH expressed in the 
ZPA are part of a feedback loop that ensures proper limb patterning (Laufer et al., 1994).  
 
AER and Proximo-Distal Patterning 
Signaling by the AER, the thickened epithelium rimming the distal tip and 
running along the Do-Ve boundary of the developing limb bud (Fig. 4), is necessary for 
Pr-Di outgrowth (Saunders, 1948; Summerbell, 1974; Rowe and Fallon, 1982). This was 
demonstrated by experiments in which removal of the AER at early stages of limb 
development resulted in severely truncated limbs, while removal at later stages allowed 
for the formation of more distal elements (Saunders, 1948; Summerbell, 1974; Rowe and 
Fallon, 1982). AER signaling is mediated by several FGFs (Niswander et al., 1993; 
Fallon et al., 1994; Moon et al., 2000; Moon and Capecchi, 2000; Lewandoski et al., 
2000; Boulet et al., 2004). 
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Figure 4. AER morphology. HH stage 26 chick limb scanning 
microscopy photograph showing a distal view of the AER, 
indicated by arrows. From Fernandez-Teran and Ros, 2008. 
 
 
 
FGFs comprise a family of growth factors that play key roles throughout limb 
development (Tickle and Munsterberg, 2001). Application of exogenous FGF to the flank 
of chick embryos triggers the development of an additional limb (Cohn et al., 1995). 
Following surgical removal of the AER, FGF-soaked beads applied to the distal limb 
mesoderm can serve as a “substitute AER,” rescuing limb truncation and sustaining 
further Pr-Di outgrowth (Niswander et al., 1993; Fallon et al., 1994). This evidence 
demonstrated that FGFs were responsible for AER function in Pr-Di outgrowth and 
patterning.  
Expression of several members of the FGF family is restricted to the AER during 
mouse and chick limb development (Niswander and Martin, 1992; Laufer et al., 1994; 
Fallon et al., 1994; Vogel et al., 1995; Vargesson et al., 1997; Martin, 1998; Tickle and 
Munsterberg, 2001). Of these AER-FGFs (Fgf8, Fgf4, Fgf9, and Fgf17), Fgf8 expression 
accompanies the whole existence of the AER, spatially and temporally. However, 
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expression of Fgf4, Fgf9, and Fgf17 is more restricted in time (detected only after the 
formation of a mature AER) and space (posteriorly expressed) (Fernandez-Teran and 
Ros, 2008). Genetic manipulation in mice removing one or more AER-FGFs showed that 
Fgf8 was the only AER-FGF required for normal limb development and patterning 
(Lewandoski et al., 2000; Moon and Capecchi, 2000; Moon et al., 2000; Sun et al., 2000; 
Mariani et al., 2008).  
 
Dorsal Non-AER Ectoderm and Dorso-Ventral Patterning 
Manipulation experiments in chick demonstrated that recombining limb bud 
mesoderm with dorso-ventrally reversed limb bud ectoderm gave rise to limbs with 
inverted Do-Ve patterning conforming to that of the ectoderm (Geduspan and MacCabe, 
1987; Akita, 1996). This suggested that the ectoderm covering the limb was responsible 
for Do-Ve patterning. Use of cell-fate tracers in chick identified distinct dorsal and 
ventral ectodermal compartments in the limb bud, with their Do-Ve boundary coincident 
with position of the AER (Altabef et al., 1997). Regionalization of this non-AER 
ectoderm into dorsal and ventral compartments is important in establishing Do-Ve 
patterning of the underlying limb mesoderm and subsequently maintaining patterning of 
the ectoderm. 
Signaling from the dorsal non-AER ectoderm is mediated by Wnt7a, a secreted 
protein with restricted expression in the dorsal ectoderm that is required for dorsal limb 
patterning (Parr et al., 1993; Parr and McMahon, 1995). Loss of Wnt7a activity in 
homozygous mutant mice resulted in a double ventral phenotype (Parr and McMahon, 
1995). Wnt7a acts as a dorsalizing factor by inducing the expression of Lmx1b, a LIM 
homeodomain-containing gene that encodes for a transcription factor, in the underlying 
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dorsal mesenchyme (Riddle et al., 1995; Vogel et al., 1995). In chick, ectopic 
overexpression of Wnt7a throughout limb bud ectoderm induces ectopic expression of 
Lmx1b in ventral limb mesenchyme, which results in dorsalization of ventral mesoderm 
(Riddle et al., 1995).  
 
ZPA and Anterio-Posterior Patterning 
Classical experiments in chick demonstrated that patterning along the AP axis is 
governed by the ZPA, a population of mesenchymal cells maintained in the distal 
posterior margin of the limb bud. Transplantation of this posterior mesenchyme to the 
anterior limb mesenchyme in chick resulted in mirror image, symmetrical digit 
duplications (Saunders and Gasseling, 1968; Tickle, 2002), while transplantation to more 
posterior positions resulted in progressively fewer complete digit duplications (Tickle et 
al., 1975). 
Wolpert proposed that the ZPA exerts its patterning effect by secreting a 
diffusible molecule that forms a posterior (high) to anterior (low) concentration gradient 
(Wolpert, 1969). Mesenchymal cells respond to specific thresholds of the morphogen 
gradient to pattern the limb along the AP axis. Retinoic acid (RA) was initially claimed to 
be the morphogen responsible for mediating ZPA-dependent AP patterning after ectopic 
RA administration to the anterior margin of the limb bud mimicked the effects of an 
ectopic, anterior ZPA (Tickle et al., 1982). However, SHH was later identified as the 
morphogen produced and secreted by ZPA cells and responsible for normal AP 
patterning (Riddle et al., 1993). Ectopically applied SHH can restore normal AP 
patterning to limbs in which the ZPA has been surgically removed, and it is sufficient to 
induce mirror image digit duplications when ectopically expressed in the anterior 
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mesenchyme of the chick limb (Riddle et al., 1993; Chang et al., 1994; Lopez-Martinez 
et al., 1995). Additionally, RA application was shown to induce Shh expression, 
demonstrating that RA manipulations that had mimicked the effects of the ZPA were 
acting through Shh (Pearse and Tabin, 1998). 
Shh expression is restricted to the ZPA and defines the limits of the ZPA (Riddle 
et al., 1993; Echelard et al., 1993). Specific spatiotemporal expression of Shh appears to 
mediate AP patterning by the ZPA. Targeted gene disruption of Shh in mice supports the 
role of Shh as critical in AP patterning of the limb, particularly in the zeugopod and 
autopod. In Shh knockout (KO) mice, distal limb development was compromised, with a 
complete absence of the autopod/digits and an absence or fusion of zeugopod bones, 
while the stylopod developed correctly (Chiang et al., 1996; Chiang et al., 2001). 
 
Sonic Hedgehog (SHH) and Digit Patterning 
A primary role for SHH is to establish posterior fates along the AP axis (i.e. 
inducing formation of the ulna and digits 2-5) (Yang et al., 1997; Zeller, 2004; Tickle, 
2006). This role of SHH as a posteriorizing factor is best illustrated in the AP patterning 
of the autopod. In the Morphogen Gradient Model (Wolpert, 1969), a SHH gradient is 
thought to specify digit identity, whereby high concentrations of SHH induce posterior 
digits and decreasing concentrations induce progressively more anterior digits, with digit 
1 (d1) in mouse (Chiang et al., 2001) and d2 in chick (Amano and Tamura, 2005) being 
SHH independent. Notably, the relevant parameter in this model is morphogen 
concentration. 
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Apart from the morphogen gradient model, several models have been proposed to 
explain AP digit patterning (Bastida and Ros, 2008). In chick, analysis of the time course 
in which extra digits were induced upon application of SHH to the anterior limb 
mesoderm showed a sequential induction. No digits were induced within a period of 12-
16 hours after SHH application (presumably the time required to establish the SHH 
gradient). After that, additional anterior digits formed first, and as exposure time to SHH 
increased additional posterior digits formed (Yang et al., 1997). These findings were the 
basis for the Promotion-Morphogen Gradient Model, a modification of the Morphogen 
Gradient Model in which exposure time to SHH, in addition to concentration of SHH, is 
crucial for digit specification.  
Fate mapping in mouse limb buds revealed that descendants of Shh-expressing 
cells contributed to the formation of d4, d5, and the posterior half of d3. Cells that had 
transcribed Shh for longer contributed to progressively more posterior digits, and within 
the area of Shh-expressing descendants, cells comprising more posterior digits had been 
exposed to SHH for longer periods of time in an autocrine manner (Harfe et al., 2004). 
These results led to the formation of the Temporal-Spatial Gradient Model, in which 
the cumulative amount of SHH signal received (spatial gradient) as well as the exposure 
time to SHH signaling (temporal gradient) determine digit identity. Specification of d1 is 
SHH-independent. Cells comprising d2 never express Shh, so d2 specification requires a 
spatial gradient of SHH Specification of d3 requires a spatial and temporal gradient. 
Because d4 and d5 are completely comprised of Shh-expressing descendants, their 
specification requires only a temporal gradient (Harfe et al., 2004).  
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Experiments using a transgenic Cre-deleter line to arrest Shh transcription at 
different time points demonstrated that reduction in digit number corresponded to the 
stage at which Shh was removed (Zhu et al., 2008). Comparison of these results to 
normal digit condensation revealed that the order in which digits were lost in response to 
temporally reduced Shh transcription (d3, d5, d2, and finally d4) was the inverse of which 
they are formed (Zhu et al., 2008). These results led to the formation of the Biphasic 
Model, which holds that SHH specifies digit identity in an early phase but is 
continuously required for the expansion of the digit-forming field (Zhu et al., 2008). This 
model highlights the roles of SHH in proliferation (expansion of digit-forming field) in 
addition to specification (digit identity), as they relate to AP patterning of the limb.  
 
Shh Regulation by a CNR 
Clinical Identification of a Regulatory CNR 
Preaxial polydactyly (PPD), the presence of extra digits on the side of the thumb, 
is one of the most frequently observed congenital hand malformations in humans, and 
patients present with phenotypes ranging from triphalangeal thumb to one, two, or three 
extra digits (Fig. 5). Genetic analysis of affected families showed that the human PPD 
locus maps to chromosome 7q36 (Heutink et al., 1994; Heus et al., 1999), which contains 
the Limb Region 1 (LMBR1) gene and is linked to Shh (Heutink et al., 1994; Tsukurov et 
al., 1994; Heus et al., 1999). 
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Figure 5. Representative phenotypes for preaxial polydactyly. A) Illustrations of digit 
abnormalities. Each digit is numbered. The triphalangeal thumb is labeled ‘T’. Digits that 
cannot be accurately identified are labeled with an asterisk. B) Hands of patients 
presenting with the various phenotypes. Modified from Anderson et al., 2012. 
 
 
 
The mouse limb mutant, Sasquatch (Ssq) arose through a random transgene 
insertion of a Hoxb1 human placental alkaline phosphatase (HPAP) reporter gene 
(Sharpe et al., 1999). Ssq displays PPD in the hindlimbs of heterozygotes and in both 
hindlimbs and forelimbs of homozygotes (Fig. 6), but shows no abnormalities outside of 
the limb (Sharpe et al., 1999). 
 
 
 
 
 
15 
 
 
Figure 6. Comparison of fore- and hindlimb dysmorphologies in 
human PPD and mouse mutant Ssq. Panels A and C show bones of the 
left fore- (A) and hind- (C) limbs of a homozygous Ssq mutant mouse. 
Panels B and D show radiograms of the right hand (B) and foot (D) of a 
PPD patient. Numbers indicate normal digits. Asterisks mark 
supernumeracy digits. Modified from Hill et al., 2003. 
 
 
When Ssq embryos were assayed for HPAP activity in the limb buds, the 
expression pattern of HPAP mirrored that of endogenous Shh (in the ZPA) and ectopic 
Shh (in the anterior limb bud) (Sharpe et al., 1999). Dysregulation of Shh expression 
seemed to be a reasonable mechanism for generating the PPD phenotype. 
The Ssq transgene insertion maps to mouse chromosome 5, which corresponds to 
the human PPD locus in chromosome 7q36, and is physically linked to within ~1 mega 
base pairs (Mb) of Shh (Sharpe et al., 1999). Isolation of the Ssq transgene insertion 
revealed its location within mouse Lmbr1, the homologue of human LMBR1 (Lettice et 
al., 2002; Lettice et al., 2003). Lettice and colleagues isolated and mapped the 
translocation breakpoint of a de novo reciprocal chromosomal translocation 
t(5,7)(q11,q36)  in a PPD patient and the Ssq transgene insertion site. Mapping revealed a 
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similar location for the genomic disruptions: within intron 5 of mouse Lmbr1 (human 
LMBR1) (Fig. 7) (Lettice et al., 2002). These findings localized the genetic basis for the 
limb phenotype in Ssq (and presumably PPD) to intron 5 of Lmbr1 (LMBR1).   
 
 
Figure 7. Schematic of human and mouse LMBR1/Lmbr1 genes. LMBR1/Lmbr1 are 
composed of 17 exons (blue rectangles) located ~1 Mb upstream of the Shh gene (exons 
represented by red rectangles). The position of the Ssq HPAP transgene insertions site is 
in intron 5 of Lmbr1 and is located close to the human PPD translocation breakpoint in 
the corresponding human intron. Brackets around HPAP suggest that the transgene has 
incorporated multiple times (n > 10). Modified from Hill et al., 2003. 
 
 
Lmbr1 is linked to Shh, and intron 5 of Lmbr1 resides ~1 Mb upstream of Shh, 
implicating long-range regulation of Shh expression as the basis for the polydactylous 
phenotype in mutant mice (and accordingly, PPD). Genetic analysis confirmed long-
range cis-regulation of Shh responsible for the PPD phenotype in Ssq (Lettice et al., 
2003) and, consequently, in human PPD. 
 Molecular studies led to the identification of a multispecies conserved cis-acting 
regulatory element of ~800 base pairs (bp) within intron 5 of Lmbr1 (Lettice et al., 2003). 
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A reporter gene controlled by this sequence is expressed in the posterior margin of the 
limb bud, similar to Shh expression in the ZPA. Because the fragment appeared to 
contain much of the information regulating expression in the ZPA, the CNR was called 
the ZPA regulatory sequence (ZRS) (Lettice et al., 2003). The ZRS is highly conserved 
across divergent vertebrate species from fish to mammals (the ZRS is also known as 
mammals-fishes-conserved-sequence-1 (MFCS1) [Sagai et al., 2005]). However, this 
long-range enhancer is not conserved in limbless species of reptiles and amphibians 
(Sagai et al., 2004), supporting its proposed limb-specific function. The ZRS is syntenic 
with the Shh locus in tetrapods, teleost fish (Sagai et al., 2004) and cartilaginous fish 
(Dahn et al., 2007). Deletion of the ZRS in mice demonstrated that it is necessary and 
sufficient to regulate Shh expression in the limb bud (Sagai et al., 2005), implicating the 
CNR as a regulator of Shh expression. 
 
Animal Model Confirmation of CNR-Mediated Shh Regulation 
Mutation analysis in families with PPD (Lettice et al., 2003; Gurnett et al., 2007) 
and polydactylous mice mutants (Lettice et al., 2003) identified point mutations within 
the ZRS associated with the congenital limb malformation. Subsequent transgenic 
reporter assays demonstrated that the point-mutated mouse ZRS drove reporter 
expression in both the anterior and posterior margins of the limb bud, similar to the 
ectopic and endogenous Shh expression, respectively, observed in mouse mutants (Maas 
and Fallon, 2005; Masuya et al., 2007).  
Deletion of the ZRS in a KO mouse model resulted in complete loss of Shh 
expression in the limb buds (Sagai et al., 2005), and the resulting skeletal phenotype of 
18 
the limb was indistinguishable from that of a Shh KO mouse (Chiang et al., 1996; Chiang 
et al., 2001). However, in contrast to Shh KO mice, which die during embryonic 
development with central nervous system defects (Chiang et al., 1996), ZRS KO mice are 
viable (Sagai et al., 2005), corroborating that the ZRS has limb-specific function.  
In the recessive chick mutant oligozeugodactyly (ozd) (first named Ametapodia 2 [Smyth 
et al., 2000]), Shh is expressed everywhere throughout developing embryo except in the 
developing limb, in which Shh expression is undetectable (Ros et al., 2003). The ozd 
mutants develop a phenotype similar to that of Shh KO mice (Chiang et al., 2001), with a 
loss of the ulna and digits in the wing and the fibula and digits except d1 in the hindlimb. 
Application of exogenous SHH to the ozd limb bud results in expression of downstream 
mediators of Shh signaling and rescue of the limb skeleton, consistent with the view that 
the ozd mutant phenotype is caused by loss of SHH function (Ros et al., 2003). 
Sequence comparison of chick Lmbr1 with mouse Lmbr1 and human LMBR1 
revealed that chick Lmbr1 (and therefore the ZRS) is highly homologous to both the 
human and mouse genes (Maas and Fallon, 2004). PCR products were not obtained from 
attempts to amplify a region of the ZRS from ozd mutants, indicating the mutants likely 
had a deletion of the CNR in intron 5 of Lmbr1. This was confirmed by Southern 
hybridization using the ZRS sequence as a probe (Maas and Fallon, 2011), linking the 
lack of the regulatory region within ozd mutants with the failure to express Shh in the 
limbs.   
 Collectively, these results support that regulatory mutations in the ZRS and 
deletion of this limb-specific CNR result in dysregulation of Shh expression, 
misexpression or absence of Shh, and are associated with limb malformation.  
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ZPA Regulatory Sequence (ZRS) Characterization 
Characterization of the ZRS by in silico methods (e.g. online bioinformatics tools 
that allow users to compare genomic sequences and search for conservation) revealed its 
conservation across divergent vertebrate species from fish to human (Lettice et al., 2003; 
Sagai et al., 2004; Maas and Fallon, 2004).  
In vivo reporter assays relying on the detection of reporter gene expression via in 
situ hybridization (to detect mRNA transcripts) (Lettice et al., 2003; Sagai et al., 2004; 
Maas and Fallon, 2005; Lettice et al., 2014) or fluorescence in situ hybridization (Lettice 
et al., 2002; Lettice et al., 2014) localized CNR activity in the developing limbs of 
normal or mutant mice. Targeted disruption of the ZRS in mice (Sagai et al., 2005) and 
analysis using ozd chick mutants lacking a region of the ZRS (Maas and Fallon, 2011) 
helped characterize the ZRS regulatory function, demonstrating that it contains a limb-
specific enhancer necessary for distal limb development. 
Use of transgenic mouse models led to the identification of point mutations 
responsible for ectopic anterior Shh expression and limb abnormalities (Lettice et al., 
2003; Sagai et al., 2004; Maas and Fallon, 2005). Correspondingly, genetic analysis of 
the CNR in preaxial polydactylous Silkie Breed chicks, which exhibit ectopic anterior 
Shh expression, revealed a point mutation responsible for Shh misexpression (Maas and 
Fallon, 2011). These findings further characterized ZRS regulatory function. 
 Recently, Lettice and colleagues dissected the ZRS and, using transgenic reporter 
assays and the endogenous locus in mice, examined structural features of the ZRS, and 
characterized activity of ZRS fragments using in situ and fluorescence in situ 
hybridization (localization) and qRT-PCR (semi-quantitation of reporter gene expression 
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levels) (Lettice et al., 2014). This was the first published attempt at dissecting the ZRS 
and examining how its composition relates to its function. Lettice and colleagues suggest 
that the ZRS comprises two distinct domains of activity: an active domain that directs 
spatiotemporal activity of Shh and a second domain that promotes long-range activity but 
is apparently dispensable (Lettice et al., 2014). 
 
A Larger ZRS? 
The Limb-Specific Shh Regulatory Region (LSSRR) 
Use of bioinformatics tools to search for conservation has become a popular 
means of identifying functional regions within genomic sequences (Bofelli et al., 2004). 
Comparative genomics evaluating the conservation of the ZRS across divergent 
vertebrate species (fish to human) revealed that the ZRS lies within a larger, conserved 
1.2 kilo base pairs (kb) limb-specific Shh regulatory sequence of intron 5 of Lmbr1 (the 
human counterpart was located within intron 5 of LMBR1, as well) (Sagai et al., 2004). 
The 1.2 kb region contains, but extends beyond, the ZRS. In mice, single base pair 
mutations in this region are associated with ectopic anterior Shh expression in the limb 
bud and digit duplications, while deletion of this region results in compromised 
development of distal limb elements, including incomplete or fused zeugopod elements 
and loss of all (forelimb) or most (hindlimb) autopod elements (Sagai et al., 2005). 
 Comparative genomics evaluating intron 5 of Lmbr1 across vertebrate species 
(from fish to humans) revealed that the ZRS is nestled within a limb-specific regulatory 
sequence larger than that described by Sagai and colleagues (Sagai et al., 2004). Oberg 
and colleagues have described the 1.8 kb region as the limb-specific Shh regulatory 
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region (LSSRR) (Manu et al., 2008). Point mutations related to human PPD and 
triphalangeal thumb reside within LSSRR. LSSRR was found to contain four regions 
highly conserved across divergent species from zebrafish to human. These CNRs were 
described as LSRA (peak A), LSRB1 (peak B1), LSRB2 (peak B2), and LSRB3 (peak 
B3). Collectively, peaks B1-B3 are known as LSRB (peak B). Each of these regions 
contains potential binding sites that include transcription factors known to be involved 
Shh regulation, such as Hand2 and Hox sites (Galli et al., 2010). The ZRS described by 
Lettice and colleagues (Lettice et al., 2003) comprises peak B and nonconserved regions 
on either side of peak B. The portion of LSSRR absent in ozd chicks (Maas and Fallon, 
2011) includes all of peak B2, all of peak B3, and most of peak B1 (Fig. 8). 
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Figure 8. Schematic of the conserved limb-specific Shh regulatory region (LSSRR). 
A) LSSRR spans approximately 1.8 kb and is located ~1 Mb upstream of the Shh gene, 
nestled within intron 5 of LMBR1. B) LSSRR is conserved across diverse species from 
Zebrafish to Dog. Each row indicates a pairwise comparison with the human sequence. 
CNRs (pink peaks) are identified by greater than 70% conservation over 100 bp. LSSRR 
contains four CNRs that span divergent species (A, B1-3) and are potential regulatory 
regions of Shh transcription. C) Overview of peaks A and B and subdivisions of peak B. 
Numbers indicate the number of predicted binding sites by the Alibaba software using 
the transfac database. Turquoise regions indicate highly conserved motifs clusters 
(CMC) that are near 100% identity with species examined in (B) The regions described 
by some authors as the ZRS is indicated, as is the portion absent in oligozeugodactyly 
(ozd) chicks. Point mutations related to human preaxial polydactyly and triphalangeal 
thumb are indicated in magenta (PPD mut). (From K. Oberg, unpublished data) 
 
Conservation of a noncoding region across divergent species may indicate 
functional regulation of developmental target genes (Bofelli et al., 2004; Woolfe et al., 
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2005; Visel et al., 2009; Noonan and McCalllion, 2010). Thus, these finding suggest that 
all of Shh regulatory activity may not reside in the ZRS, and it is important to 
characterize LSSRR and identify regions within LSSRR that are critical for its regulatory 
activity. 
 
Need for LSSRR Characterization 
The primary emphasis on CNRs has been on identification, rather than the 
relationship between CNR composition and regulatory function (Woolfe et al., 2005). 
Thus, how CNR composition (i.e. nucleotide sequence and motifs) relates to its 
regulatory function remains largely unknown. Identification of regulatory modules within 
CNRs is required to characterize their regulatory function. CNRs active in limb 
development have been identified and described (Lettice et al., 2003; Sagai et al., 2004; 
Sagai et al., 2005; Manske and Oberg, 2009), but the relationship between their 
composition and regulatory function requires further investigation. Insights into these 
relationships are important for understanding developmental gene regulation and limb 
development. Clinically, these insights will help elucidate genetic and/or molecular basis 
of limb malformations. Thus, our underlying goal is to characterize LSSRR by 
identifying regulatory modules important for Shh regulation and, accordingly, limb 
development. This requires qualitative and quantitative characterization of LSSRR and its 
conserved peaks. 
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Deciphering how CNRs Function 
General Strategies and Their Limitations 
A general strategy for testing the functional relevance of a CNR is to link the 
CNR to a reporter gene and assay whether the factors that interact with the CNR induce 
reporter expression (Woolfe et al., 2005). This can be done in cells, transgenic animals, 
and chick embryos. The latter two have been used extensively in characterizing the ZRS 
(Lettice et al., 2002; Lettice et al., 2003; Sagai et al., 2004; Maas and Fallon, 2004; Sagai 
et al., 2005; Maas and Fallon, 2005; Maas and Fallon, 2011; Lettice et al., 2014).  
 Transgenic animals, such as mice, have shown to be powerful tools in 
determining the role of specific genes (relating to the ZRS, see Lettice et al., 2003; Sagai 
et al., 2004; Maas and Fallon, 2005). Transgenic models are advantageous in assessing 
the function of CNRs because a given CNR can be modified and assayed in its native 
context. However, these models this can be costly, slow, and laborious. Further, 
modification of gene(s) may not always result in the anticipated or desired phenotype, in 
which case an investigator may have to establish a new transgenic line (additional costs 
in time and money).  
 Alternatively, electroporation involves introducing exogenous CNR-reporter 
constructs into chick embryos, followed by localization and assessment of CNR activity 
via fluorescent microscopy (Uchikawa et al., 2003; Pira et al., 2008). This system is 
advantageous because site-directed mutagenesis of the target DNA of interest can be 
done to answer questions about in silico predicted binding sites, in relatively less time 
than it would take to answer the same questions using a transgenic model. 
Electroporation has been described using in vitro whole-embryo electroporation of CNR-
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reporter constructs (Uchikawa et al., 2003). However, this technique is limited because 
embryos only survived for ~48 hours after electroporation, so analysis of CNRs involved 
in later development was not possible. To overcome this limitation of whole-embryo 
electroporation, targeted regional electroporation (TREP) was developed, and it was 
demonstrated that TREP could be used to assess CNR activity at early and later stages of 
development (Pira et al., 2008). Even with the development of TREP, a disadvantage of 
electroporation is that CNRs are analyzed outside of their normal genomic context. 
Further, electroporation provides qualitative (Yes/No) and localization data of CNR 
activity, but not quantitative data.  
Localizing and visually assessing reporter activity to characterize a CNR cannot 
be used to evaluate the quantitative contribution of a module to the overall activity of a 
CNR. Further, it may not be possible to detect minute changes in activity by subjective 
visualization. Disadvantageously, semi-quantitative PCR on experimental reporters 
depends heavily on nucleic acid extraction efficiency and primer specificity (Smith and 
Osborn, 2009). Even when used together, localization and semi-quantitation of reporter 
expression do not allow for both localization of activity and quantitation of the 
percentage of cells expressing the reporter (i.e. the percentage of active cells) nor their 
relative levels of expression (i.e. “how active” the cells are). 
 
Flow Cytometry as a Characterization Method 
Coupling TREP using CNR-fluorescent reporter constructs with flow cytometry 
allows investigators to answer Yes/No and localization data (via TREP), but also to 
quantify CNR activity (via flow cytometric detection). Flow cytometry is a fluorescence-
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based technique that gathers data on individual cells labeled with fluorescent reagents or 
expressing fluorescent reporter genes. During flow cytometric analysis, individual cells 
pass through the path of laser light; laser light excites the fluorescent molecule(s) of each 
cell. The fluorescent molecule emits fluorescence as it returns to its ground or “relaxed” 
state, and the fluorescence is detected in specific channels based on wavelength. Data can 
be used to determine the percentage of cells expressing the reporter (a measure of CNR 
activity localization) as well as their relative level of activity (a measure of CNR activity 
level). In this way, flow cytometry simultaneously assesses localization and the extent of 
expression 
 
Characterizing LSSRR: Proposed Method 
Embryonic Chick Limb as a Model 
Experimental analysis of limb development has employed chick embryos because 
of the easy accessibility and manipulation of the chick limb bud in ovo (Tickle and 
Eichele, 1994 and Tickle, 2004). The chick was, and still is, used as a preferential model 
for studying vertebrate limb development (Stern, 2004) because of its practicality, 
accessibility, and ease of molecular and surgical manipulation throughout all stages of 
development (Schoenwolf et al., 2009), making it an excellent model with which to 
decipher the functional relevance of LSSRR and its conserved peaks. Further, chicks 
have three digits that are identified and distinguished from one another by length and 
number of elements. These digits allow for assignment of specific anterio-posterior 
identities, although their numerical identification as digits 1, 2, and 3 or digits 2, 3, and 4 
is currently debated (Vargus et al., 2008; Towers et al., 2011). Changes in patterning can 
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be reflected by phenotype because each digit is unique. This is in contrast to other model 
organisms, in which digits are more similar in length and number of elements. Because 
vertebrate development is largely conserved (Gerhart, 1999), principles underlying limb 
development in chick are applicable to other vertebrates and can be translated to humans.    
 
Characterization Approach 
Characterization of LSSRR has been limited to localizing activity of the wild 
type, mutated, or more recently, dissected ZRS (in mice Lettice et al., 2003; Sagai et al., 
2004; Maas and Fallon, 2005; Lettice et al., 2014 and in chick Sagai et al., 2005; Maas 
and Fallon, 2011) and semi-quantitating that activity (Lettice et al., 2014). These 
techniques are unable to provide both qualitative and quantitative data required for 
characterization of LSSRR, a limitation overcome by a unique technique that couples 
TREP using CNR-fluorescent reporter construct and flow cytometric analysis to localize 
CNR activity and to identify changes in the distribution and intensity of CNR activity. 
CNR-fluorescent reporter constructs containing LSSRR, a conserved peak of LSSRR, a 
restriction enzyme-digested fragment of LSSRR, or a mutated form of any of the above, 
can be assayed to localize activity of potential regulatory modules within LSSRR 
Notably, potential functions of CNRs include genomic conformational changes (i.e. 
looping and wrapping around histones) and epigenetic modification, which are likely lost 
when inserting a CNR into a plasmid reporter construct. However, LSSRR is implicated 
in transcriptional regulation of Shh expression, and transcriptional activity can be assayed 
by linking a CNR to a reporter gene.  
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Coupling TREP and flow cytometric analysis produces a unique technique more 
powerful than either on its own. The technique employs TREP as an efficient means of 
introducing CNR-fluorescent reporter constructs into embryonic chick limbs and 
localizing CNR activity. Following TREP, flow cytometric analysis gathers fluorescence 
data on individual chick limb bud cells, allowing for quantitation of the percentage of 
cells in which the CNR is active (i.e. the percentage of fluorescing cells) and their 
relative level of activity (i.e. their relative fluorescence intensity). Quantitative data 
allows for the detection of small changes in CNR activity (i.e. between full-length 
LSSRR and a fragment of LSSRR), as well as the ability to evaluate the quantitative 
contribution of a proposed regulatory module (i.e. fragment of LSSRR) to the overall 
activity of a CNR.  
 
Significance of Studies 
Despite its recognized importance in Shh regulation and limb development, 
LSSRR remains largely uncharacterized, in part, because of the inability of commonly 
used techniques to both localize and quantitate CNR activity. Development and 
implementation of a unique technique coupling TREP and flow cytometric analysis 
overcomes the limitations inherent in techniques currently being used to assess CNR 
activity.  
Characterization of LSSRR by determining and comparing qualitative and 
quantitative variations in the activity of LSSRR, LSRA, LSRB, LSRB subdivisions, and 
restriction enzyme-digested fragments of LSSRR can be used to identify regulatory 
module(s) critical to LSSRR activity, and by association, critical to the regulation of Shh 
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expression by LSSRR. Identification of critical regulatory module(s) may lead to the 
identification of transcription factors crucial for LSSRR activity. This would indicate 
factors important for LSSRR activity, and by extension Shh expression, ZPA signaling 
activity, AP patterning, and regulatory mechanisms involved in limb development.  
It is likely that organs and tissues other than the limb have specific CNRs that are 
pivotal to up-regulating patterning factors. A technique coupling TREP and flow 
cytometric analysis is widely applicable to characterization of CNRs outside of limb 
development and could be used to increase knowledge of developmental regulatory 
mechanism active in organs and tissues other than the limb.  
Characterization of developmentally important CNRs indicates, at least in part, 
how the activity of a given CNR is regulated. Understanding CNR regulation increases 
understanding of the regulation of developmentally important genes and, by extension 
their encoded signaling molecules. Increased knowledge of signaling molecules increases 
understanding of the developmental signaling pathways in which they function. Because 
developmental signaling pathways regulate morphogenesis and development, increased 
knowledge of pathway function will increase understanding of development. Thus, 
characterization of CNRs is important and will shed insight on the regulation of broad 
shape and form in the developing embryo. 
Clinically, characterizing the regulatory sites and mechanisms active in limb 
development will shed insight on the genetic and/or molecular basis of limb 
malformations. Identification of limb-specific regulatory factors that interact with LSSRR 
will provide targets for therapeutic intervention in treating trauma affecting the limb or 
digits. Outcomes will also reveal target proteins that may accelerate the general process 
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of wound healing. Such therapies would increase the quality of life of the individuals 
affected.  
Beyond limb development, characterizing CNRs active in development will help 
elucidate the genetic, molecular, cellular, and tissue events underlying normal 
development. Understanding why development goes awry and treating the abnormal (i.e. 
malformations) requires knowledge of normal development. Therefore, characterizing 
CNRs may shed insight into the diagnosis and treatment of disease and disease processes. 
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Abstract 
Spatial and temporal regulation of developmental gene transcription often 
involves regulatory sequences found in noncoding DNA separate from the gene’s 
promoter. Conservation of a noncoding region across divergent species may indicate a 
regulatory region critical to basic morphogenesis.  To demonstrate spatial and temporal 
activity, conserved noncoding regions (CNRs) can be linked to a basal promoter-reporter 
construct and monitored during development; however, to characterize the contribution 
of regulatory modules within a CNR quantitative, in addition to qualitative, analysis is 
required. Herein we describe a technique that utilizes fluorescent proteins to demonstrate 
spatial and temporal activity by microscopy followed by flow cytometric analysis to 
quantify the localization and level of activity.   
To validate this approach, we transfected presumptive chick limb buds with 
plasmids containing the enhanced GFP reporter driven by: 1) a β-actin promoter that has 
robust ubiquitous expression, 2) a minimal HSV-tk promoter, and 3) a CNR that contains 
the limb-specific Shh regulatory region (LSSRR) linked to the HSV-tk promoter.  The 
CNR-HSV-tk driven GFP construct has activity localized to the zone of polarizing 
activity (ZPA). Transfected limbs were analyzed by fluorescent microscopy, imaged and 
then trypsinized to generate single cell suspensions.  The limb cell suspensions were 
analyzed using the 7-Color MACSQuant Analyzer and FlowJo software to determine 
changes in promoter-enhancer activity. Data was normalized to nontransfected limbs.  
Limbs containing the β-actin driven constructs demonstrated diffuse activity covering > 
90 of the limb by fluorescent microscopy.  Flow analysis confirmed the diffuse robust 
activity (76% ± 5.8 of cells with a relative intensity of 5.7). Limbs containing the basal 
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HSV-tk-GFP construct were undetectable by fluorescence microscopy and produced 
minimal fluorescence by flow analysis (relatively intensity 0.1 ± 0.04) in a small subset 
of cells (14.2% ± 4.4). Limbs electroporated with the LSSRR-GFP construct 
demonstrated robust activity that was concentrated in the ZPA.  Flow analysis revealed 
activity in 29.8%± 6.0 of cells, with a relative intensity of 1.2 ± 0.2. Furthermore, the 
activity level and distribution were significantly different between these three different 
enhancer-promoter constructs.  
Our data indicate that this combined approach of fluorescent microscopy coupled 
with flow cytometry can identify and quantitate subtle differences in the distribution and 
levels of transcriptional activity.  This combined approach will enhance our ability 
characterize and dissect the various functional modules of CNR-related regulatory 
sequences. 
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Abbreviations 
β-actin Beta-actin 
CNR    Conserved noncoding region 
DMEM   Dulbecco’s modified eagle medium 
EDTA    Ethylene diamine tetraacetic acid 
eGFP    Enhanced green fluorescent protein 
EP    Electroporation 
FBS    Fetal bovine serum 
FSC    Forward scatter 
GFP    Green fluorescent protein 
HEK293   Human embryonic kidney tumor cells 
HH    Hamburger-Hamilton 
hr    Hour 
HSV-tk   Herpes simplex virus-thymidine kinase 
LSSRR Limb-specific Shh regulatory region 
 
Mb    Mega base pairs 
MCS    Multiple cloning site 
MFI    Mean fluorescence intensity 
msec    Milliseconds 
nm    Nanometer 
PBS    Phosphate buffered saline 
PCR Polymerase chain reaction 
PFA    Paraformaldehyde 
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RFP    Red fluorescent protein 
SEM    Standard error of the mean 
Shh    Sonic hedgehog gene  
SSC    Side scatter 
TE    Tris-EDTA 
TREP    Targeted regional electroporation 
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Introduction 
Vertebrates share common developmental events regulated by conserved gene 
sets (Irie et al., 2007). Noncoding DNA is also conserved across divergent vertebrate 
species in a nonrandom distribution, often clustering within genes deserts or introns 
associated with developmentally regulated genes (Boffelli et al., 2004; Woolfe et al., 
2005; Noonan and McCalllion, 2010). Many conserved noncoding regions (CNRs) 
function as cis-regulatory elements, controlling expression of their associated genes from 
an extended distance (Visel et al., 2009; Noonan and McCalllion, 2010). A significant 
proportion of these CNRs function as enhancers, regulating the spatiotemporal expression 
of developmental genes (Bulger and Groudine, 2010; Buecker and Wysocka, 2012; 
Noonan and McCalllion, 2010). 
Mutations that encompass or lie within CNRs are known to contribute to human 
disease phenotypes by altering gene expression (Kleinjan, 2008). In many instances, cis-
regulatory elements have been uncovered by genetic analysis of congenital disorders 
(Kleinjan, 2008). An example of an enhancer acting over an extended distance (~1 Mb) is 
the limb-specific enhancer for sonic hedgehog (Shh), a potent morphogen directing 
anterior-posterior (or radial-ulnar) limb patterning. Point mutations in this enhancer result 
in preaxial (radial) polydactyly while deletion of the enhancer in mice and chicks results 
in loss of distal posterior limb structures (ulna and ulnar digits) (Ros et al., 2003; Sagai et 
al., 2004).  
Insights into the structure-function relationship of CNRs are important for 
understanding gene regulation. However, a primary emphasis of CNRs has been on 
identification rather than characterization (Woolfe et al., 2005). Thus, for most CNRs, 
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composition (i.e. nucleotide sequence and motifs) as it relates to its regulatory function 
remains largely unknown. Identification of regulatory modules within CNRs is required 
to further characterize their regulatory function.  
A general strategy for testing the functional relevance of a CNR involves assaying 
its ability to upregulate the expression of a reporter gene (Woolfe et al., 2005). These 
assays can be done using transgenic mice (Nobrega, 2003; Sagai et al., 2005), but this 
can be costly, slow, and laborious. An alternative approach involves introducing 
exogenous CNR-reporter constructs into chick embryos (Uchikawa et al., 2003; Pira et 
al., 2008). Reporter expression is analyzed to localize and assess CNR activity by 
fluorescent microscopy. Neither of these approaches, however, can be used to evaluate 
the quantitative contribution of a module to the overall activity of a CNR. 
Dual-luciferase assays using an experimental and control reporter can quantitate 
reporter activity (Suzuki et al., 2008); however, because cell lysis is required, localization 
of the activity cannot be determined. Semi-quantitative PCR of experimental reporters is 
another possibility, but depends heavily on nucleic acid extraction efficiency and primer 
specificity (Smith and Osborn, 2009).  
This report describes a novel approach that combines in ovo localization of CNR 
activity by fluorescent microscopy followed by flow cytometric analysis. This approach 
can identity and quantify changes in the level of CNR activity and changes in the 
percentage of cells exhibiting activity. To optimize this technique, we examined the limb-
specific Shh enhancer using an enhanced GFP (eGFP) reporter construct. Use of flow 
cytometry is quick and efficient, and it avoids cell lysis, allowing for localization and 
38 
quantitation using one reporter. This technique has broad applications as a method to 
characterize the functional roles of regulatory modules within CNRs.   
 
Materials and Methods 
Chick Embryos 
White Leghorn fertilized eggs were obtained from Hyline International 
(Lakeview, CA) or Rhode Island Red fertilized eggs were obtained from AA Lab Eggs, 
Inc. (Westminster, CA) and incubated at 39oC in a humidified chamber. Embryonic age 
was determined according to Hamburger-Hamilton’s (HH) staging system (Hamburger 
and Hamilton, 1951). Chicks representing stage 14 were isolated for study. 
 
Construction of pTK-LSSRR Construct 
The limb-specific Shh regulatory region (LSSRR) (Manske and Oberg, 2009) was 
isolated by polymerase chain reaction (PCR) from chicken genomic DNA. To quantify 
LSSRR activity, enhancer-reporter constructs were generated with pTK-eGFP plasmid (a 
gift from Dr. Uchikawa, Osaka University), which contains the minimal Herpes simplex 
virus thymidine kinase (HSV-tk) promoter linked to an enhanced GFP (eGFP) reporter 
gene. eGFP expression was taken as evidence of LSSRR activity. Sequence confirmed 
LSSRR was ligated into the multiple cloning site (MCS) of pTK-eGFP at KpnI and XhoI, 
generating pTK-LSSRR. Plasmids were isolated and purified using the EndoFree Plasmid 
Maxi Kit (Qiagen, Valencia, CA). β-actin promoter driven GFP plasmid, pCX-GFP, was 
analyzed to assess activity of the β-actin promoter. β-actin promoter driven pCAGGS-red 
fluorescent protein (RFP) plasmid (a gift from Dr. Tickle, University of Dundee) was co-
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electroporated with pTK-eGFP and pTK-LSSRR to document transfection efficiency. For 
flow cytometry compensation controls, pCAGGS-RFP plasmid and pCX-GFP plasmid 
were each singly electroporated.  
 
In vitro Transfection of HEK293 Cells 
AmCyan was isolated from pAmCyan vector (Clontech Laboratories, Inc., 
Mountain View, CA) by restriction enzyme cut with KpnI and EcoRI. AmCyan was 
ligated into the β-actin promoter driven pCX-IG construct (generated as previously 
described [Oberg et al., 2002]) at KpnI and EcoRI to generate pCX-AmCyan. 
Transfection of the modified human embryonic kidney tumor (HEK293) cell line was 
used to test fluorescence detection of AmCyan and GFP by fluorescent microscopy and 
flow cytometric analysis. HEK293 cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) (Life Technologies) supplemented with 10% FBS. Cells were grown 
to 80% confluence in 6-well cell culture plates (2 ml media/well). Cells were washed 
twice with 1ml DMEM + 10% FBS media and brought up in 1.5 ml DMEM + 10% FBS 
prior to transfection. In vitro transfection with pCX-GFP or pCX-AmCyan was 
performed by means of Lipofectamine 2000 reagent (Life Technologies) to determine 
construct fluorescence. Plasmid constructs were prepared in solution with DMEM at a 
concentration of 0.008 ug/ul. Lipofectamine 2000 solution was prepared by the addition 
of 10 ul Lipofectamine 2000 to 240 ul DMEM. Transfected cells were cultured for 18-24 
hrs before fluorescent microscopy visualization under transmitted light, blue, and green 
filters (EVOS fluorescent microscope, Life Technologies) and flow cytometric analysis.  
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Targeted Regional Electroporation (TREP) 
Targeted regional electroporation (TREP) was used to target and express plasmid 
constructs within the presumptive forelimb of embryonic chicks. For TREP, chick 
embryos were staged according to HH (Hamburger and Hamilton, 1951). Embryos 
representing stage 14 were retained and stained with neutral red (Fisher Scientific, 
Pittsburgh, PA). The vitelline membrane overlying the embryo was removed, and a small 
slit was cut on the yolk membrane near the tail. Platinum electrodes (0.3 mm diameter, at 
2.5 mm distance) were mounted on a micromanipulator and positioned parallel to a chick 
embryo. The cathode (-) was slid through the slit, into the yolk, and positioned 
underneath the embryo. DNA solution for experimental embryos (2 µg/µl pTK-LSSRR 
or 2 µg/µl pTK-eGFP, 0.3 µg/µl pCAGGS-RFP with 0.5 µl fast green (Fisher Scientific, 
Pittsburgh, PA) and TE buffer (Sigma Aldrich, St. Louis, MO)) or for compensation 
controls (0.3 µg/µl pCAGGS-RFP or 0.3 µg/µl pCX-GFP with 0.5 µl fast green and TE 
buffer) was injected into the intraembryonic coelom of the lateral plate mesoderm. DNA 
was mixed with fast green dye to visualize the injection volume. Embryos were 
transfected with DNA solutions containing pTK-eGFP/pCAGGS-RFP (n=9), pTK-
LSSRR/pCAGGS-RFP (n=9), pCX-GFP (n=6), or pCAGGS-RFP (n=6). Approximately 
0.1 µl of mineral oil, used as the hydraulic fluid for the syringe, accompanied the DNA 
solution to seal the site of injection and confine the DNA/dye cocktail to the site of 
injection. The injection volume was prepared by aspirating 0.25 µl of DNA solution, 
followed by ~0.05 µl of oil. The mixture was then injected into the presumptive limb 
region, with the oil entering first, followed by the DNA solution, and finally by oil (~0.05 
µl). The anode (+) was positioned above the embryo and 3-5 drops of PBS were used to 
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promote conductivity. Electroporation (EP) was performed using the CUY-21 
Electroporator (Protech International, San Antonio, TX) at either 8 volts, with 3 pulses of 
50 msec ON/950 msec OFF or at 12 volts with 6 pulses of 60 msec ON/50 msec OFF. 
Forty-eight hrs after TREP, forelimb morphology and fluorescence were 
visualized under transmitted light, red, and green filters using a fluorescent dissecting 
microscope (Leica MZ-8). Forelimb morphology was graded on a scale of 1 – 5 with 1 
being no outgrowth of the forelimb, 3 being forelimb outgrowth and shape similar to, but 
smaller than, a nontransfected forelimb, and 5 being forelimb outgrowth with the same 
size and shape as a nontransfected forelimb. RFP fluorescence intensity was graded on a 
scale of 0 – 5, with 0 being no fluorescence, 1 being fluorescence barely distinguishable 
from background, 2 being dim fluorescence distinguishable from background, and 5 
being intense fluorescence detectable under red and green filters. Coverage of the limb 
bud with RFP fluorescence was visualized. Embryos with adequate forelimb morphology 
(morphology score of 3 or greater), adequate transfection (RFP fluorescence score of 3 or 
greater), and at least 90% RFP coverage (by fluorescent microscopy) were retained for 
analysis of pTK-eGFP expression, pCX-GFP expression, and pTK-LSSRR activity.  
Embryos considered adequate were harvested 48 hrs after TREP, at HH stage 22-
23 (Hamburger and Hamilton, 1951), and visualized and digitally recorded (Sony DKC-
5000) under transmitted-light, red, and green filters. Limb buds were removed and 
subjected to flow cytometric analysis for quantification of eGFP/GFP expression. 
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Preparation of HEK293 Cells and Limb Buds for Flow Cytometric Analysis 
For flow cytometric analysis, HEK293 cells were washed with DMEM + 10% 
FBS (three 1 ml washes) to remove debris and dead cells. To dissociate HEK293 cells, 
500 ul of 0.25% trypsin-EDTA (Sigma Aldrich, St. Louis, MO) was added to each well 
of the 6-well plate, and the plate was incubated for 5 min at 37oC in a CO2 incubator. 
Following incubation, 500 ul of DMEM + 10% FBS was added to each well to stop the 
trypsinization reaction. Contents of each well were transferred to their own 1.5 ml 
microcentrifuge tube and centrifuged at 1000 rpm for 5 min at room temperature to pellet 
the cells. The supernatant was discarded and the pellet was resuspended in 75 ul 1x PBS. 
25 ul of 4% paraformaldehyde (PFA)/PBS was added to fix the cells. Samples were 
processed by flow cytometric analysis within 24 hrs using a 7-Color MACSQuant 
Analyzer (Miltenyi Biotec) to assess detection of AmCyan and GFP fluorescence. 
For flow cytometric analysis of embryonic chick limb buds, transfected (right) 
limb buds were removed. The nontransfected contralateral (left) limb bud of one embryo 
was removed. The contralateral limb bud served as a negative control and was used to 
guide gate settings for flow cytometry of transfected limb buds. Each limb bud was 
placed in a 1.5 ml conical microcentrifuge tube containing 100 µl of 1x PBS. To 
dissociate limb bud ectoderm from underlying, transfected mesoderm, 50 µl of 0.25% 
trypsin-EDTA (Sigma Aldrich, St. Louis, MO) was added to each microcentrifuge tube, 
and the tubes were incubated at 37oC for 13 minutes. After incubation, limb buds were 
individually transferred to a 35 mm dish to remove the ectoderm. Without taking up the 
ectoderm, limb bud mesoderm and trypsin-EDTA were transferred to a 1.5 ml conical 
microcentrifuge tube; 50 µl DMEM + 10% FBS was added to stop the trypsin reaction, 
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and limb bud mesoderm was suspended as a single-cell suspension. Cells were pelleted 
by centrifugation (1000 rpm for 5 min at room temperature), then resuspended in 150 µl 
1x PBS and fixed with 50 µl 4% paraformaldehyde (PFA)/1x PBS. Samples were 
processed by flow cytometry within 24 hrs using a 7-Color MACSQuant Analyzer 
(Miltenyi Biotec) with data analysis as described below.  
The average number of mesoderm cells/limb bud was determined previously 
using the cell counter of a 7-Color MACSQuant Analyzer (Miltenyi Biotec) and 
nontransfected chick limb buds representing HH stage 22-23 (Hamburger and Hamilton, 
1951). Nontransfected limb buds were prepared for flow cytometry as described above. 
The average number of mesoderm cells/limb bud was determined to be 100,000 
mesoderm cells/limb bud. 
For flow cytometric analysis, the flow cytometer was set to collect 100,000 
events, a representative sample of the chick limb bud. Theoretically, this representative 
sample would account for the zone of polarizing activity (20% of the chick limb bud) and 
surrounding cells. Instrument voltages were optimized for visualization of limb 
mesoderm cells. pCAGGS-RFP transfected and pCX-GFP transfected limb mesoderm 
cells were processed to establish instrument and software settings for fluorescence 
compensation (FlowJo 10.0.7; Tree Star, Inc., Ashland, OR). To assess LSSRR activity 
and plasmid expression, eGFP/GFP fluorescence was analyzed. 
Forward scatter and side scatter on all flow cytometry dot plots are shown on a 
linear scale. Fluorescence intensity on all flow cytometry dot plots and histograms is 
shown on a biexponential scale. Percent maximum on histograms is shown on a linear 
scale.    
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Flow Cytometric Data Analysis 
Flow cytometric analysis was performed using FlowJo version 10.0.7 (Tree Star, 
Inc., Ashland, OR). A standard protocol was developed to analyze data acquired by flow 
cytometry to ensure consistent data analysis among TREP experiments. Limb mesoderm 
cells were identified based on light scatter within a limb mesoderm light scatter gate. 
Gates around limb mesoderm cells were set to include total cells excluding debris 
(forward- and side-scatter). All samples were gated on limb mesoderm cells before 
evaluating fluorescence. Gates for eGFP/GFP+ populations were drawn using the 
nontransfected limb mesoderm cell control.  
To quantitate and evaluate eGFP/GFP expression in each sample, the number of 
eGFP/GFP+ cells was determined, as was their geometric mean GFP fluorescence 
intensity. Percentage of eGFP/GFP+ cells and their relative geometric mean fluorescence 
intensity was used to evaluate variations in levels of GFP. GFP geometric mean 
fluorescence intensity of the nontransfected limb control was adjusted to zero, and 
experimental sample data was adjusted accordingly.  
Quantified eGFP/GFP fluorescence data for each sample were compiled. 
Comparisons were made using the unpaired independent t-test, one-tailed for comparison 
with TK-eGFP or two-tailed for comparison between LSSRR and β-actin driven GFP. A 
value of p ≤ 0.05 was considered to be significant. Comparative and statistical analyses 
were performed on the compiled data using Microsoft Excel (v14; Microsoft Office for 
Mac).   
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Results 
Determination of Appropriate Fluorescent Molecules for Flow 
Cytometric Analysis 
The suitability of fluorescent molecules for use in flow cytometric analysis is 
based on the excitability and detectability capacities of the flow cytometer. To identify 
fluorescent molecules for use in flow cytometric analysis: (1) determine the capacity of 
the flow cytometer (i.e. what are the wavelengths of the excitation lasers and detectors). 
(2) Determine whether the fluorescent molecule(s) is excitable (i.e. do the excitation 
lasers excite within the excitation spectra of the fluorescent molecule(s)). (3) Determine 
whether the fluorescence is detectable (i.e. does the emission spectra of the fluorescent 
protein fall within the range of a detector). (4) If using more than one fluorescent protein, 
consider spectral overlap (i.e. do the emission spectra of the fluorescent proteins overlap). 
 The 7-Color MACSQuant Analyzer has three excitation lasers (405 nm, 488 nm, 
638 nm), which excite fluorescent molecules that emit over a range of wavelengths (Fig. 
1A). Emission can be detected in one of five detectors, which collect fluorescence within 
channels defined by specific wavelength ranges (Fig. 1B). Notably, some flow 
cytometers allow for the purchase of additional excitation lasers and detection channels 
that may be better suited for excitation and detection of particular fluorescent molecules.  
Initially, an analysis system using reporter constructs containing either a red 
fluorescent protein (RFP) or green fluorescent protein (GFP) reporter was developed. 
However, RFP is neither optimally excited (Fig. 1A, excitation lasers are located at tails 
of RFP excitation spectra) nor optimally detected (Fig. 1B, RFP emission falls largely 
outside of available detection channels) by the 7-Color MACSQuant Analyzer. To 
circumvent the limited excitation and detection of RFP, an alternative reporter fluorescent 
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protein, AmCyan, was considered for use in the analysis system because excitation and 
detection of AmCyan by the 7-Color MACSQuant analyzer appear better than that of 
RFP (Fig. 1A and 1B). To test a flow cytometric analysis system using GFP and 
AmCyan, HEK293 cells were transfected with reporter constructs containing either GFP 
or AmCyan and subsequently analyzed by fluorescent microscopy and flow cytometery. 
Fluorescent microscopy imaging under a green filter corresponding to detection channel 
B1 (Fig. 1B and 1C), the optimal GFP detection channel on the 7-Color MACSQuant 
Analyzer, demonstrated GFP detectability. However, fluorescent microscopy imaging 
revealed that AmCyan was better detected under a green filter than under a blue filter 
(corresponding to detection channel V1 proposed for use in detecting AmCyan) (Fig. 1B 
and Fig. 1C). The overlap in GFP and AmCyan detection in both the B1 and V1 channels 
(Fig. 1B) was confirmed by flow cytometric analysis (Fig. 1D). The consequence of this 
spectral overlap is that cells containing GFP will appear to have AmCyan fluorescence 
and vice versa, and in a co-transfection system differentiation between the two will be 
difficult. Subtracting a fraction of the AmCyan signal from the GFP signal can 
compensate for spectral overlap. However, due to the extensive overlap between GFP and 
AmCyan, separation of the signals results in over compensation (i.e. too much of the 
AmCyan signal is subtracted from the GFP signal) (data not shown). These data indicated 
that, while RFP emission and excitation by the 7-Color MACSQuant Analyzer is not 
optimal, use of RFP instead of AmCyan avoids the extensive overlap in detection (Fig. 
1B) and is, therefore, is better suitable for the flow cytometric analysis system with GFP.  
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Figure 9. Choosing fluorescent proteins for flow cytometric analysis. (A, B) 
Excitability and detectability capabilities of the 7-Color MACSQuant Analyzer. (A) The 
7-Color MACSQuant Analyzer has three excitation lasers. Excitation spectra of three 
fluorescent proteins, AmCyan (blue), eGFP/GFP (green), and RFP (red) are depicted. (B) 
The 7-Color MACSQuant Analyzer has five available detection channels (gray boxes). 
Emission spectra of AmCyan (blue), eGFP/GFP (green), and RFP (red), are shown. There 
is spectral overlap between AmCyan and eGFP/GFP and between eGFP/GFP and RFP. 
(C) Fluorescent microscopy imaging demonstrates spectral overlap between AmCyan 
and GFP. AmCyan and GFP are detected under both blue and green filters, corresponding 
to V1 and B1 detection channels (B), respectively. (D) Emission spectral overlap is 
confirmed by flow cytometric analysis. Flow cytometry histograms demonstrate overlap 
of detected GFP and AmCyan fluorescence in both V1 and B1 channels. 
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Visualization of Enhancer and Promoter Activity 
Targeted regional electroporation (TREP) was used to introduce eGFP/GFP 
reporter constructs and β-actin promoter driven RFP reporter constructs into the 
presumptive forelimb of embryonic chicks (Fig. 2B and 2C). Three different eGFP/GFP 
containing constructs were used to analyze enhancer and promoter activity. The pTK-
eGFP reporter construct contains a minimal Herpes Simplex Virus-Thymidine Kinase 
(HSV-tk) minimal promoter upstream of an eGFP reporter (Fig. 2A). An enhancer, the 
limb-specific sonic hedgehog regulatory region (LSSRR) was isolated from chicken 
genomic DNA and inserted into pTK-eGFP upstream of the HSV-tk promoter and eGFP 
reporter (see “Materials and Methods”). β-actin promoter driven GFP constructs were 
also analyzed. pTK-eGFP and pTK-LSSRR were co-electroporated with β-actin promoter 
driven RFP reporter construct to visualize transfection. 
48 hours after TREP, fluorescent microcopy was used to demonstrate transfection 
efficiency (β-actin driven -RFP or -GFP expression) and to localize enhancer/promoter 
activity. Data show that in adequately transfected limbs, identified by broad RFP or β-
actin GFP expression, electroporation of basal TK-eGFP produced minimal fluorescence 
(Fig. 2D, top row). Contrastingly, β-actin GFP shows robust, widespread expression 
throughout the limb (Fig. 2D, bottom row). Limbs electroporated with LSSRR enhancer 
demonstrated intermediate activity localized to a subpopulation of cells (Fig. 2D, middle 
row). 
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Figure 10. TREP of plasmid constructs into the presumptive forelimb of embryonic 
chicks. (A) LSSRR was ligated into pTK-eGFP plasmid upstream of an HSV-tk basal 
promoter linked to an eGFP reporter to generate an enhancer-reporter construct. (B, C) 
DNA solution (magenta) is injected into the intraembryonic coelom of Hamburger-
Hamilton (HH) stage 14 embryonic chicks at the level of the presumptive forelimb, prior 
to limb outgrowth, followed by local electroporation, i.e. targeted regional 
electroporation (TREP). DNA solution contains (1) pTK-eGFP or pTK-CNR constructs 
with β-actin promoter driven RFP constructs or (2) β-actin promoter driven GFP 
constructs. (C) The cathode (-) is positioned underneath the embryo in the yolk, and the 
anode (+) is positioned above the embryo. Pulsed currents are applied via the cathode (-) 
and anode (+). (D) Forty-eight hrs after TREP, limbs are visualized and digitally recorded 
under a red filter to demonstrate transfection and to localize enhancer/promoter activity.  
 
 
Flow Cytometric Analysis of Embryonic Chick Limb Buds 
Following fluorescent microscopy imaging, limb buds are excised and prepared 
for flow cytometric analysis (Fig. 11A). Flow cytometry gathers light scatter and 
fluorescence data on individual cells as they pass through the path of laser light (Fig. 
11B). Forward light scatter (FSC) is a measure of cell size, while side light scatter (SSC) 
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is a measure of a cell’s internal complexity. To isolate limb bud mesoderm cells to be 
included in fluorescence analysis, gating was done on FSC and SSC dot plots (Fig. 11C, 
gate identified by blue shaded box). Because the developing limb bud comprises a fairly 
homogenous population of cells early in development, a single population is expected on 
FSC vs. SSC plots. This was confirmed by analyzing FSC vs. SSC dot plots of limb buds 
transfected with TK-eGFP, LSSRR, or β-actin GFP (Fig. 11C). Plots demonstrate a 
single population of limb bud cells, most of which are of similar size and complexity 
(dense population located in lower left of FSC-SSC gate) and some of which are slightly 
larger and more complex (cells located to the right and up with respect to the dense 
population) (Fig. 11C).  
Gating on limb bud mesoderm cells was done to exclude debri (located in lower 
left corner of FSC vs. SSC plots). Gating also excluded clumped cells (located on the 
upper and right edges of FSC vs. SSC plots) and potentially dividing cells (larger in size 
and complexity) because both may artificially diminish fluorescence intensity reading. 
Cells were not assayed for mitotic division or cell death, but that could be done. A 
conservative gate (i.e. gate not drawn tightly around dense population and tail extending 
up and to the right) was drawn to account for embryonic and construct variability 
between samples, such that one gate (Fig. 11C, blue shaded box) could be used 
consistently across samples and experiments.  
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Figure 11. Processing of embryonic chick limb buds for flow cytometric analysis. (A) 
Preparation of limb buds for flow cytometric analysis. Limb buds of embryos identified 
as adequate based on limb bud morphology and transfection are harvested. Transfected 
mesoderm cells are isolated and resuspended in a single-cell suspension and fixed for 
flow cytometric analysis within 24 hrs. (B) Schematic of flow cytometric processing. 
Cells pass individually through the path of laser light. Laser(s) excite fluorescent 
molecules. Light scatter and fluorescence are directed by a series of filters and mirrors 
and are collected at detectors for forward scatter (FSC), side-scatter (SSC), or 
fluorescence. (C) Data can be analyzed by light scatter to isolate cell populations. 
 
 
 
Flow Cytometric Quantification of Variations in Enhancer and 
Promoter Activity 
To determine the percentage of eGFP/GFP+ cells present in limb bud transfected 
with TK-eGFP, LSSRR, or β-actin GFP as a percentage of total cells in the limb bud 
mesoderm cell light scatter gate (Fig. 11C, blue shaded box), as well as their relative 
level of fluorescence intensity, eGFP/GFP fluorescence of cells within the gate was 
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analyzed. Variations in the percentage of eGFP/GFP+ cells were evident as rightward 
population shifts on flow cytometry dot plots (Fig. 12B) and histograms (Fig. 12C). 
Quantification of flow cytometry data (Fig. 12D and 12E) indicate that 
electroporation of pTK-eGFP produced a low level of fluroescence detectable in a small 
subset of cells. Minimal fluorescence resulting from TK-eGFP activity was significantly 
lower than the robust, widespread activity of β-actin GFP and the intermediate activity of 
the LSSRR enhancer. Flow cytometric quantification also demonstrated a significant 
difference in the percentage of eGFP/GFP+ cells between LSSRR and β-actin GFP 
samples. Quantitation results confirmed fluorescent microscopy images.  
These data indicate that flow cytometric analysis can be used to quantify 
variations in the in ovo activity of enhancers and promoters. Further, these data indicate 
that quantitative sensitivity between a baseline minimal promoter, CNR enhancer, and 
robust promoter can be established.  
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Figure 12. Flow cytometric analysis quantifies in ovo variations in enhancer and 
promoter activity. (A) Activity of LSSRR is evident as intense eGFP fluorescence, in 
contrast to TK-eGFP. Focal LSSRR activity contrasts widespread activity of β-actin 
driven GFP. (B, C) Variations are detected by flow cytometric analysis as population 
shifts and confirm fluorescent microscopy observations. Dot plots and histograms shown 
are from representative embryos and are gated on limb mesoderm cell light scatter (Fig. 
3C). eGFP/GFP+ cells are gated based on nontransfected limb control, shown in inset 
(panel B) and as a black-outlined histogram (panel C). (B) eGFP/GFP+ cells, as a 
percentage of total cells in limb mesoderm cell light scatter (mean ± SEM for n=9 TK-
eGFP, n=9 LSSRR, n=6 β-actin GFP limbs) are given. (C) Limb mesoderm cell 
eGFP/GFP expression levels and mean eGFP fluorescence intensity of transfected limbs 
(gray histograms) are evaluated and compared to nontransfected limb controls. GFP+ 
cells identified by gate. (D, E) Flow cytometry quantifies in ovo enhancer and promoter 
activity variations by percent of eGFP/GFP+ cells and relative mean fluorescence 
intensity (MFI). (E) Relative MFI data is normalized to nontransfected control. Graphed 
are the mean eGFP/GFP fluorescence intensities of eGFP/GFP+ cells that fall within limb 
mesoderm cell light scatter gates (Fig. 3C) (mean ± SEM for n=9 TK-eGFP, n=9 LSSRR, 
n=6 β-actin GFP limbs; **p ≤ 0.01, ***p ≤ 0.001, one-tailed unpaired independent t-tests 
with TK-eGFP, two-tailed unpaired independent t-test between LSSRR and β-actin GFP). 
54 
Discussion 
Insights into the relationship between CNR composition (i.e. nucleotide sequence 
and motifs) and regulatory function are important for understanding developmental gene 
regulation. However, characterization of CNRs remains largely unknown. We described a 
novel flow cytometric analysis approach that couples in ovo localization of reporter 
construct activity by fluorescent microscopy with subsequent flow cytometric analysis 
and quantitation of activity. We also offer an algorithm for designing a similar approach 
with different flow cytometers or fluorescent molecule(s). To optimize the approach 
described here, we examined a known CNR enhancer, LSSRR, using an eGFP reporter 
construct. By analysis of enhancer-reporter and β-actin promoter-reporter constructs, we 
demonstrated that flow cytometric analysis can identify changes in the distribution and 
intensity of promoter and CNR enhancer activity that reflect what we see visually. We 
also established quantitative sensitivity between a minimal promoter, LSSRR, and β-actin 
promoter using this approach. Use of this approach was avoided cell lysis and allowed for 
quantitation of the percent of active (eGFP/GFP+) cells and their relative level of activity 
(fluorescence intensity).  
 48 hrs following targeted regional electroporation (TREP), bright focal LSSRR 
activity was detected limb buds with adequate transfection and morphology, in contrast to 
low intensity TK-eGFP activity and the contralateral limb control (image not shown). 
This was expected because in pTK-eGFP, the eGFP is located downstream of the 
minimal HSV-tk promoter, which only weakly activates transcription. Also as expected, 
the robust β-actin promoter produced broad GFP expression throughout the limb bud. 
Results of in ovo activity were confirmed by flow cytometric analysis of eGFP/GFP 
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fluorescence of limb bud mesoderm cells. The presence of GFP in 76% of the cells after 
TREP with the β-actin promoter-GFP construct also indicates that this electroporation 
technique is highly efficient.  Efficient transfection ensures adequate distribution of the 
CNR-GFP constructs that are more restricted in their activity than the ubiquitous β-actin 
reporter. We suggest that in ovo CNR activity is, thus, detectable and quantifiable using 
flow cytometric analysis. Further, these data provide evidence that variations in CNR 
activity are similarly quantifiable.  
 It is likely that organs and tissues other than the limb have specific CNRs that are 
pivotal to development. This method is widely applicable to CNRs active outside of the 
limb, enhancing our ability to characterize CNR-related regulatory modules in general 
and to advance knowledge in organ patterning during development.  
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CHAPTER THREE 
UNPUBLISHED DATA VLIDATING FLOW CYTOMETRIC 
ANALYSIS IN THE QUANTITATION OF CONSERVED 
NONCODING REGION (CNR) ACTIVITY 
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Abbreviations 
β-actin Beta-actin 
CNR    Conserved noncoding region 
DMEM   Dulbecco’s modified eagle medium 
EDTA    Ethylene diamine tetraacetic acid 
eGFP    Enhanced green fluorescent protein 
HH Hamburger and Hamilton 
hr    Hour 
HSV-tk   Herpes simplex virus – thymidine kinase 
LSRA    Limb-specific Shh regulatory region Peak A 
LSRB    Limb-specific Shh regulatory region Peak B 
LSRB1   Limb-specific Shh regulatory region Peak B1 
LSRB2   Limb-specific Shh regulatory region Peak B2 
LSRB3 Limb-specific Shh regulatory region Peak B3 
LSSRR Limb-specific Shh regulatory region 
 
MCS    Multiple cloning site 
MFI    Mean fluorescence intensity 
msec    Milliseconds 
NFκB    NF-kappaB 
PFA    Paraformaldehyde 
PBS    Phosphate buffered saline 
RFP    Red fluorescent protein 
Shh    Sonic hedgehog gene 
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TREP    Targeted regional electroporation 
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Introduction 
To identify and characterize developmentally important regulatory modules, a 
technique was developed using an enhanced green fluorescent protein (eGFP) reporter 
construct and flow cytometry to analyze conserved noncoding regions (CNRs). To 
optimize and validate this technique, we examined a known regulatory region, the limb-
specific sonic hedgehog (Shh) regulatory region (LSSRR) (Manu et al., 2008).  
We identified four CNRs within LSSRR, LSRA (peak A), LSRB1 (peak B1), 
LSRB2 (peak B2), and LSRB3 (peak B3). Collectively, peaks B1-B3 are known as LSRB 
(peak B) (Fig. 8). Because these CNRs are conserved across divergent species and 
contain binding sites that include transcription factors known to be involved in Shh 
regulation, the CNRs are potential regulatory regions of Shh transcription.  
Flow cytometric analysis was used to analyze the CNRs within LSSRR to identify 
critical regulatory module(s) required for LSSRR activity and subsequently, Shh 
regulation. Previous microscopy results in the Oberg laboratory demonstrated that peak 
B3 retained activity, whereas peak A, peak B1, and peak B2 did not show detectable 
activity by fluorescent microscopy (data not shown). Because microscopy results 
localized LSSRR activity to peak B3, quantitative characterization of LSSRR activity 
using flow cytometric analysis focused on peak B3. To characterize Peak B, the activity 
of peak B and peak B3, as well as two additional fragments, B-L3-107 and B-L3-217 
(Fig. 13) was quantitatively assessed by flow cytometric analysis based on the 
localization and extent of fragment activity, as demonstrated by percentage of eGFP 
positive cells and their relative eGFP intensity, respectively. LSSRR fragment activity 
was compared to that of full-length LSSRR to determine if LSSRR contained a minimal 
fragment required for activity.  
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Figure 13: Schematic of LSSRR fragments. Full-length LSSRR and its four conserved 
regions are depicted (peak A – orange, peak B1 – blue, peak B2 – green, peak B3 – red). 
Fragments of LSSRR are depicted as black lines, and their composition is shown relative 
to full-length LSSRR. Turquoise regions on peak B indicate highly conserved motifs 
clusters (CMC) that are near 100% identity among human, dog, mouse, rat, opossum, 
chicken, frog, and zebrafish. On peak B, yellow boxes indicated predicted Hox 
transcription factor binding sites, and pink boxes indicated predicted NFκB transcription 
factor binding sites.  
 
 
Materials and Methods 
Chick Embryos 
White Leghorn fertilized eggs were obtained from Hyline International 
(Lakeview, CA) or Rhode Island Red fertilized eggs were obtained from AA Lab Eggs, 
Inc. (Westminster, CA) and incubated at 39oC in a humidified chamber. Embryonic age 
was determined according to Hamburger-Hamilton’s (HH) staging system (Hamburger 
and Hamilton, 1951). Chicks representing stage 14 were isolated for study. 
 
Isolation and Generation of LSSRR Fragments 
The limb-specific Shh regulatory region (LSSRR) (Manske and Oberg, 2009) was 
isolated by polymerase chain reaction (PCR) from chicken genomic DNA. LSSRR 
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fragments peak B and peak B3 were isolated from LSSRR by PCR. Peak B fragments B-
L3-107 and B-L3-217 were generated by using restriction enzymes to digest peak B from 
its 3’ end, removing either 107 bp (for B-L3-107) or 217 bp (for B-L3-217).  
 
Construction of pTK-CNR Constructs 
To quantify LSSRR and LSSRR fragment activity, enhancer-reporter constructs 
were generated with pTK-eGFP plasmid (a gift from Dr. Uchikawa, Osaka University), 
which contains the minimal Herpes simplex virus thymidine kinase (HSV-tk) promoter 
linked to an enhanced GFP (eGFP) reporter gene. eGFP expression was taken as 
evidence of LSSRR activity. Sequence confirmed LSSRR, peak B, peak B3, B-L3-107, 
and B-L3-217 were each ligated into the multiple cloning site (MCS) of pTK-eGFP, 
generating pTK-CNR construts. Plasmids were isolated and purified using the EndoFree 
Plasmid Maxi Kit (Qiagen, Valencia, CA). β-actin promoter driven pCAGGS-RFP 
plasmid (a gift from Dr. Tickle, University of Dundee) was co-electroporated with pTK-
eGFP and pTK-CNR constructs to document transfection efficiency. For flow cytometry 
compensation controls, pCAGGS-RFP plasmid and pCX-GFP, a β-actin promoter driven 
GFP plasmid, were each singly electroporated.  
 
Targeted Regional Electroporation (TREP) 
Targeted regional electroporation (TREP) was used to target and express plasmid 
constructs within the presumptive forelimb of embryonic chicks. For TREP, chick 
embryos were staged according to HH (Hamburger and Hamilton, 1951). Embryos 
representing stage 14 were retained and stained with neutral red (Fisher Scientific, 
64 
Pittsburgh, PA). The vitelline membrane overlying the embryo was removed, and a small 
slit was cut on the yolk membrane near the tail. Platinum electrodes (0.3 mm diameter, at 
2.5 mm distance) were mounted on a micromanipulator and positioned parallel to a chick 
embryo. The cathode (-) was slid through the slit, into the yolk, and positioned 
underneath the embryo. DNA solution for experimental embryos (2 µg/µl pTK-eGFP or 
2 µg/µl pTK-CNR, 0.3 µg/µl pCAGGS-RFP with 0.5 µl fast green (Fisher Scientific, 
Pittsburgh, PA) and TE buffer (Sigma Aldrich, St. Louis, MO)) or for compensation 
controls (0.3 µg/µl pCAGGS-RFP or 0.3 µg/µl pCX-GFP with 0.5 µl fast green and TE 
buffer) was injected into the intraembryonic coelom of the lateral plate mesoderm. DNA 
was mixed with fast green dye to visualize the injection volume. Embryos were 
transfected with DNA solutions containing pTK-eGFP/pCAGGS-RFP (n=9), pTK-
LSSRR/pCAGGS-RFP (n=8), pTK-peak B/pCAGGS-RFP (n=7), pTK-peak 
B3/pCAGGS-RFP (n=7), pTK-B-L3-107/pCAGGS-RFP (n=4), pTK-B-L3-
217/pCAGGS-RFP (n=4), pCX-GFP (n=6), or pCAGGS-RFP (n=4).  
Approximately 0.1 µl of mineral oil, used as the hydraulic fluid for the syringe, 
accompanied the DNA solution to seal the site of injection and confine the DNA/dye 
cocktail to the site of injection. The injection volume was prepared by aspirating 0.25 µl 
of DNA solution, followed by ~0.05 µl of oil. The mixture was then injected into the 
presumptive limb region, with the oil entering first, followed by the DNA solution, and 
finally by oil (~0.05 µl). The anode (+) was positioned above the embryo and 3-5 drops 
of PBS were used to promote conductivity. Electroporation (EP) was performed using the 
CUY-21 Electroporator (Protech International, San Antonio, TX) at either 8 volts, with 3 
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pulses of 50 msec ON/950 msec OFF or at 12 volts with 6 pulses of 60 msec ON/50 msec 
OFF. 
 Forty-eight hrs after TREP, forelimb morphology and fluorescence were 
visualized under transmitted light, red, and green filters using a fluorescent dissecting 
microscope (Leica MZ-8). Forelimb morphology was scored on a scale of 1 – 5 with 1 
being no outgrowth of the forelimb, 3 being forelimb outgrowth and shape similar to, but 
smaller than, a nontransfected forelimb, and 5 being forelimb outgrowth with the same 
size and shape as a nontransfected forelimb. RFP fluorescence intensity was scored on a 
scale of 0 – 5, with 0 being no fluorescence, 1 being fluorescence barely distinguishable 
from background, 2 being dim fluorescence distinguishable from background, and 5 
being intense fluorescence detectable under red and green filters. Coverage of the limb 
bud with RFP fluorescence was visualized. Embryos with adequate forelimb morphology 
(morphology score of 3 or greater, as illustrated in Appendix A), adequate transfection 
(RFP fluorescence score of 3 or greater, as illustrated in Appendix A), and at least 90% 
RFP coverage (by fluorescent microscopy) (Appendix A) were retained for analysis of 
pTK-eGFP expression and pTK-CNR activity.  
Embryos considered adequate were harvested 48 hrs after TREP, at HH stage 22-
23 (Hamburger and Hamilton, 1951), and visualized and digitally recorded (Sony DKC-
5000) under transmitted-light, red, and green filters. Limb buds were removed and 
subjected to flow cytometric analysis for quantification of eGFP expression. The 
transfection in embryos selected by these criteria have been shown to be highly efficient 
(77% ± 4.3 of cells are transfected) (Appendix B).  
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Preparation of Limb Buds for Flow Cytometric Analysis 
For flow cytometric analysis of embryonic chick limb buds, transfected (right) 
limb buds were removed. The nontransfected contralateral (left) limb bud of one embryo 
was removed. The contralateral limb bud served as a negative control and was used to 
guide gate settings for flow cytometry of transfected limb buds. Each limb bud was 
placed in a 1.5 ml conical microcentrifuge tube containing 100 µl of 1x PBS. To 
dissociate limb bud ectoderm from underlying, transfected mesoderm, 50 µl of 0.25% 
trypsin-EDTA (Sigma Aldrich, St. Louis, MO) was added to each microcentrifuge tube, 
and the tubes were incubated at 37oC for 13 minutes. After incubation, limb buds were 
individually transferred to a 35 mm dish to remove the ectoderm. Without taking up the 
ectoderm, limb bud mesoderm and trypsin-EDTA were transferred to a 1.5 ml conical 
microcentrifuge tube; 50 µl DMEM + 10% FBS was added to stop the trypsin reaction, 
and limb bud mesoderm was suspended as a single-cell suspension. Cells were pelleted 
by centrifugation (1000 rpm for 5 min at room temperature), then resuspended in 150 µl 
1x PBS and fixed with 50 µl 4% paraformaldehyde (PFA)/1x PBS. Samples were 
processed by flow cytometry within 24 hrs using a 7-Color MACSQuant Analyzer 
(Miltenyi Biotec) with data analysis as described below.  
The average number of mesoderm cells/limb bud was determined previously 
using the cell counter of a 7-Color MACSQuant Analyzer (Miltenyi Biotec) and 
nontransfected chick limb buds representing HH stage 22-23 (Hamburger and Hamilton, 
1951). Nontransfected limb buds were prepared for flow cytometry as described above. 
The average number of mesoderm cells/limb bud was determined to be 100,000 
mesoderm cells/limb bud. 
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For flow cytometric analysis, the flow cytometer was set to collect 100,000 
events, a representative sample of the chick limb bud. Theoretically, this representative 
sample would account for the zone of polarizing activity (20% of the chick limb bud) and 
surrounding cells. Instrument voltages were optimized for visualization of limb 
mesoderm cells. pCAGGS-RFP transfected and pCX-GFP transfected limb mesoderm 
cells were processed to establish instrument and software settings for fluorescence 
compensation (FlowJo 10.0.7; Tree Star, Inc., Ashland, OR). To assess LSSRR fragment 
activity, eGFP fluorescence was analyzed. 
 
Flow Cytometric Data Analysis 
Flow cytometric analysis was performed using FlowJo version 10.0.7 (Tree Star, 
Inc., Ashland, OR). A standard protocol was developed to analyze data acquired by flow 
cytometry to ensure consistent data analysis among TREP experiments. Limb mesoderm 
cells were identified based on light scatter within a limb mesoderm light scatter gate. 
Gates around limb mesoderm cells were set to include total cells excluding debris 
(forward- and side-scatter). All samples were gated on limb mesoderm cells before 
evaluating fluorescence. Gates for eGFP+ populations were drawn using the 
nontransfected limb mesoderm cell control, with the eGFP+ gate drawn at the 95th 
percentile (i.e. eGFP+ gate was drawn such that 5% of the nontransfected limb mesoderm 
control was “eGFP+”). Gates for RFP+ populations were drawn in the same way, such 
that 5% of the nontransfected limb mesoderm control was “RFP+”.   
To quantitate and evaluate eGFP expression in each sample, the percentage of 
eGFP+ cells was determined, as was their geometric mean eGFP fluorescence intensity. 
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The percentage of RFP+ cells was also determined. Relative percentage of eGFP+ cells 
was used to evaluate variations in localization of eGFP expression (i.e. localization of 
CNR activity). The relative percentage of eGFP+ cells was calculated in the following 
way: the percentage of eGFP+ cells in the nontransfected limb control was adjusted to 
zero, and experimental sample data was adjusted accordingly. Then sample data was 
given relative to its transfection efficiency (percentage of RFP+ cells).  
Relative geometric mean fluorescence intensity (MFI) was used to evaluation 
variations in levels of eGFP (i.e. levels of CNR activity). eGFP geometric MFI of the 
nontransfected limb control was adjusted to zero, and experimental sample data was 
adjusted accordingly.  
Quantified eGFP fluorescence data for each sample were compiled. Comparisons 
were made using the unpaired independent t-test, one-tailed for comparison with TK-
eGFP or two-tailed for comparison between LSSRR and LSSRR fragments. A value of p 
≤ 0.05 was considered to be significant. Comparative and statistical analyses were 
performed on the compiled data using Microsoft Excel (v14; Microsoft Office for Mac).   
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Results 
Fluorescent Microscopy Implicates Critical Region for LSSRR 
Activity 
Fluorescent microscopy results demonstrated that in adequately transfected limbs, 
identified by broad RFP expression, peak B and peak B3 retain most of LSSRR activity, 
with the activity of peak B3 being slightly less intense but more widespread. This is in 
contrast to the more localized activity of Peak B. Deletion of 110 bp between B-L3-107 
and B-L3-217 results in a loss of activity (Fig. 14), implicating the 110 bp region within 
peak B3 as a regulatory module critical for LSSRR activity.  
Interestingly, a recent publication analyzing the ZRS claimed that the minimal 
sequence required for activity is a fragment of ~400 bp (Lettice et al., 2014). However, 
our results suggests that 110 bp are required for LSSRR activity and that the 110 bp 
region may serve as an “on/off switch,” if the region is present, there is activity; if the 
region is missing, there is not activity. 
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Figure 14. Fluorescent microscopy implicates critical region for LSSRR activity. 
Embryonic chick limbs were transfected with basal TK-eGFP, full-length LSSRR, or a 
fragment of LSSRR. In adequately transfected limbs, identified by broad RFP expression, 
peak B, peak B3, and LSSRR fragment B-L3-107 retain LSSRR activity. Deletion of 110 
bp between B-L3-107 and LSSRR fragment B-L3-217 results in loss of LSSRR activity.  
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Flow Cytometry Quantifies Localization and Extent of LSSRR 
Fragment Activity 
Quantitation of the activity of LSSRR and LSSRR fragments revealed that 
deletion of the 110 bp between B-L3-107 and B-L3-217 resulted in a decrease in the 
relative percentage eGFP+ cells at a level that was significantly different that that of full-
length LSSRR, and such that B-L3-217 was not statistically different than basal TK-
eGFP (Fig. 15). Biologically, this demonstrates that as LSSRR is systematically 
shortened from its 3’ end, there is a gradual decrease in the localization of LSSRR 
activity. However, this difference is not statistically significant until the 110 bp between 
B-L3-107 and B-L3-217 are removed (at least with the number of samples reported on in 
this work). Once the 110 bp are removed, there is a statistically significant decrease in 
CNR activity localization, corroborating that the 110 bp are critical for LSSRR activity.  
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Figure 15. 110 bp deletion significantly decreases localization of LSSRR activity. 
Flow cytometric analysis quantifies variations in LSSRR fragment activity localization 
by relative %eGFP+ cells. eGFP+ cells were gated based on nontransfected limb control 
(data not shown). Relative percentage of eGFP+ cells, as a percentage of total cells in 
limb mesoderm cell light scatter gate (gate not shown) and normalized to sample 
transfection efficiency (mean ± SEM for n=9 TK-eGFP, n=8 LSSRR, n=7 Peak B, n=7 
Peak B3, n=4 B-L3-107, and n=4 B-L3-217 limbs), are given. *p ≤ 0.05 vs. TK-eGFP, 
**p ≤ 0.01 vs. TK-eGFP, ***p ≤ 0.001 vs. TK-eGFP, +p ≤ 0.05 vs. LSSRR, wwp ≤ 0.01 
vs. Peak B, one-tailed unpaired independent t-tests with TK-eGFP, two-tailed unpaired 
independent t-test between LSSRR and LSSRR fragments. 
 
 
Similarly, quantitation of activity levels of LSSRR and LSSRR fragments 
revealed that deletion of the 110 bp between B-L3-107 and B-L3-217 resulted in a 
decrease in the relative MFI of eGFP+ cells at a level that was significantly different than 
that of full-length LSSRR, peak B, and B-L3-107, and such that B-L3-217 was not 
statistically different than basal TK-eGFP (Fig. 16). Biologically, this demonstrates that 
as LSSRR is systematically shortened from its 3’ end, there is a gradual decrease in the 
level of activity. Removal of the 110 bp region “shuts off” CNR activity, demonstrated 
by the similarity in activity between TK-eGFP and B-L3-217. 
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Figure 16. 110 bp deletion significantly decreases LSSRR activity level. Flow 
cytometric analysis quantifies variations in LSSRR fragment activity levels by MFI of 
eGFP+ cells. eGFP+ cells were gated based on nontransfected limb control (data not 
shown). MFI data is normalized to nontransfected control. Graphed are the normalized 
mean ± SEM for n=9 TK-eGFP, n=8 LSSRR, n=7 Peak B, n=7 Peak B3, n=4 B-L3-107, 
and n=4 B-L3-217 limbs). *p ≤ 0.05 vs. TK-eGFP, **p ≤ 0.01 vs. TK-eGFP, ***p ≤ 
0.001 vs. TK-eGFP, +p ≤ 0.05 vs. LSSRR, wwp ≤ 0.01 vs. Peak B, vv p ≤ 0.01 vs. B-
L3-107, one-tailed unpaired independent t-tests with TK-eGFP, two-tailed unpaired 
independent t-test between LSSRR and LSSRR fragments. 
 
 
Flow cytometric analysis quantitation confirmed fluorescent microscopy results 
(Fig. 14). When the 110 bp region is present, CNR activity localization and activity level 
are similar to LSSRR. However, when the 110 bp are absent, CNR activity localization 
and activity level are similar to basal TK-eGFP. 
Methodologically, these results demonstrated that quantitative sensitivity was 
established between baseline TK-eGFP plasmid, LSSRR, and fragments of LSSRR based 
on relative percentage of eGFP+ cells as well as their relative MFI using the 7-Color 
MACSQuant Analyzer. Thus, using the flow cytometric technique developed, we are able 
to detect slight differences in CNR activity localization and activity levels.  
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Discussion 
Flow cytometric analysis results quantitating the activity level and localization of 
LSSRR and LSSRR fragments localize a critical region for LSSRR activity to peak B3. 
Further, qualitative fluorescent microscopy results and quantitative flow cytometry 
results implicate the 110 bp critical region as a regulatory module required for LSSRR 
activity.  
Flow cytometric analysis results also demonstrate that deletion of sequences with 
LSSRR can significantly alter the localization and/or extent of LSSRR activity. Deletion 
of 107 bp from peak B, generating B-L3-107, resulted in a significant decrease in the 
level of activity, whereas deletion of 217 bp from peak B, generating B-L3-217, resulted 
in a significant decrease in both activity level and localization (Fig. 17). Changes in CNR 
activity levels and localization following deletion of a CNR sequence occur because 
transcription factor binding sites can be altered with sequence removal.  
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Figure 17. Deletion of sequences within LSSRR can alter localization and/or level of 
LSSRR activity. Schematic of outcomes of flow cytometric quantification of the 
localization (relative %eGFP+ cells) and activity levels (relative MFI) of LSSRR and 
LSSRR fragments. Peak B is the parent fragment of B-L3-107 and B-L3-217 and is 
considered baseline (indicated by horizontal line in localization and activity columns). 
Localization and activity of Peak B3, B-L3-107, and B-L3-217 are compared to peak B. 
Red arrow indicates p ≤ 0.05, two-tailed unpaired independent t-test between LSSRR 
fragments. 
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Abbreviations 
bp Base pairs 
CNR    Conserved noncoding region 
Lmbr1    Limb region 1 
LSRB    Limb-specific Shh regulatory region Peak B 
LSSRR   Limb-specific Shh regulatory region 
MFI    Mean fluorescence intensity 
NFkB    NF-kappaB 
PCR    Polymerase chain reaction 
RAR    Retinoic acid receptor 
RFP    Red fluorescent protein 
Shh    Sonic hedgehog gene 
TF    Transcription factor 
TREP    Targeted regional electroporation 
 
 
79 
Possibilities of Flow Cytometric Analysis Technique 
Mutations within conserved regions of noncoding DNA are known to contribute 
to human disease phenotypes by altering gene expression (Kleinjan, 2008). It is also 
likely that a susceptibility to certain disease lies within noncoding DNA. Further, slight 
variations in noncoding DNA regulatory regions could account for physical differences 
such as height, hair color, structure of facial features, etc. Thus, understanding how 
molecules collectively regulate these regions can provide considerable insight into the 
variations in morphology, physiology, and oncology. 
 Regulatory regions of noncoding DNA can contain multiple transcription factor 
binding sites, regulatory modules, and regulatory motifs. Characterization of these 
regions can provide insight into their molecular regulation.  
There is a need to quantitatively, in addition to qualitatively, characterize 
conserved noncoding regions (CNRs) to identify functional regulatory modules within 
CNRs because qualitative characterization provides Yes/No and localization data of CNR 
activity, but is limited in its ability to evaluate the quantitative contribution of a module 
to the overall activity of a CNR. Several methods have been used to characterize CNRs 
active in limb development, including CNR-reporter constructs (Lettice et al., 2002; 
Lettice et al., 2003; Sagai et al., 2004; Maas and Fallon, 2004; Sagai et al., 2005; Maas 
and Fallon, 2005; Maas and Fallon, 2011; Lettice et al., 2014), genetic manipulation in 
transgenic animals (Lettice et al., 2003; Sagai et al., 2004; Maas and Fallon, 2005), 
electroporation (Uchikawa et al., 2003; Pira et al., 2008), and semi-quantitative 
polymerase chain reaction (PCR) (Lettice et al., 2014). Current methods to characterize 
CNRs suffer from their inability to both localize and determine the extent of CNR 
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activity, as well as quantitatively determine the percentage of cells in which a CNR is 
active. Therefore, a technique is needed to quantify CNR localization and activity levels. 
The novel flow cytometric analysis technique for quantitation of CNR activity 
described in the work couples targeted regional electroporation (TREP) with CNR-
fluorescent reporter constructs and flow cytometric analysis and allows for simultaneous 
examination of CNR activity level and localization. TREP is used to introduce CNR-
fluorescent reporter constructs into the presumptive limb region of embryonic chicks, and 
subsequent fluorescent microscopy imaging localizes CNR activity. By analyzing a CNR 
known to be involved in limb development, the limb-specific sonic hedgehog (Shh) 
regulatory region (LSSRR), we have shown that flow cytometric analysis confirms 
fluorescent microscopy data, localizes CNR activity (by the percentage of fluorescing 
cells), and assesses the level of CNR activity (by the relative mean fluorescence intensity 
[MFI] of fluorescing cells). Further, we have shown that the flow cytometric analysis 
technique presented in this work can identify changes in the distribution and level of 
CNR, and that it can be used to identify critical regulatory modules within a CNR.  
 This technique is widely applicable in organs and tissues outside of the limb, as it 
is likely that many organs and tissues have specific CNRs that are pivotal to regulating 
patterning factors. Therefore, this novel flow cytometric analysis technique enhances our 
ability to characterize CNR-related regulatory regions necessary for developmental 
processes. Additionally, this technique could be useful in identifying changes in 
regulatory activity in areas outside of development. 
Regulatory elements function in the localization and/or level of expression of a 
target gene. These functions are a consequence of transcription factor (TF) binding sites 
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residing within the regulatory element. The flow cytometric analysis technique presented 
in this work can separate these two functions, allowing each one to be assessed 
individually. Ultimately, this allows users to determine the functional relevance of TF 
binding sites in localizing and regulating CNR activity. For example, LSRB contains Lef-
1 binding sites. However, the function of these binding sites in regulating LSSRR activity 
is unknown. Those functions could be determined by knocking out the binding sites by 
site-directed mutagenesis, expressing the mutated constructs in embryonic chick limbs 
via TREP, and analyzing the limbs using the flow cytometric analysis technique 
presented in this work. For example, if the mutated constructs resulted in no change in 
the LSRB expression pattern, as compared to non-mutated LSRB, it could be concluded 
that the Lef-1 binding sites do not play a role in extending, localizing, or activating 
transcription of Shh. As another example, it is possible that the two Lef-1 binding sits 
within LSRB are additive or multiplicative in their contribution to overall LSSRR 
activity, such that the presence of two binding sites instead of one would increase the 
activity level of LSSRR. Site-directed mutagenesis of only one Lef-1 binding site, 
followed by TREP, flow cytometric analysis, and comparison of the relative MFI of 
samples containing the mutated or non-mutated construct could elucidate an additive or 
multiplicative contribution of a Lef-1 binding site.  
 
Limitations of Flow Cytometric Analysis Technique 
The flow cytometric analysis technique presented here is limited by significant 
variations in the percentage of cells transfected. Data (not shown here) demonstrates that 
when the limb is less than 90% transfected (by fluorescent microscopy) users are able to 
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draw conclusion about CNR activity localization by fluorescent microscopy; however, 
flow cytometry data analysis becomes problematic when the targeting or distribution of 
CNR-reporter constructs does not include at least 90% (by fluorescent microscopy) of the 
entire organ because the quantitation results are not as consistent. When limb targeting 
and CNR-reporter construct distribution covers at least 90% (by fluorescent microscopy) 
of the limb, quantitation of CNR localization and activity levels are consistent and 
reproducible. Further, including limbs with low transfection efficiencies biases the 
quantitative data to the transfected region. For instance, quantitation of limbs with the 
lower half of the limb targeted (50% by fluorescent microscopy) could miss possible 
anterior CNR expression and activity.  
 This technique is also limited in the ability of the 7-Color MACSQuant Analyzer 
to optimally excite and detect red fluorescent protein (RFP). The excitation lasers of the 
7-Color MACSQuant Analyzer excite at the far left and far right tails of the RFP 
excitation spectra (Fig. 9A), and the available detectors overlap only the left and right 
tails of the RFP emission spectra (Fig. 9B). Because of the inability of the 7-Color 
MACSQuant Analyzer to optimally excite or detect RFP fluorescence, it is likely that 
transfection efficiency quantified by the flow cytometer is artificially low. Despite the 
limitation of the 7-Color MACSQuant Analyer in optimally detecting RFP, transfection 
efficiency quantification is consistent. Notably, other flow cytometers, with different 
lasers and detectors, may not have the same limitations.  
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Future Directions 
The 110 base pair (bp) region of LSSRR implicated as a regulatory module 
critical for LSSRR activity contains overlapping RAR/NFkB binding sites, and within the 
107 bp removed from peak B to generate B-L3-107 reside three Hox transcription factor 
binding sites (Fig. 13). Future work involves determining the functional relevance of 
those binding sites as they relate to LSSRR activity localization and activity level. This 
will be accomplished by using site-directed mutagenesis of the RAR/NFkB binding sites, 
Hox binding sites, or both, and testing the activity of the constructs using the flow 
cytometric analysis system described in this work.  
Determining the functional relevance of the binding sites lays the groundwork for 
transgenic mice models. Transgenic mice with peak B could be generated, as could 
transgenic mice with LSSRR fragments B-L3-107, B-L3-217, and any mutated form 
thereof. Analysis of the CNRs in context would provide a more complete picture of the 
activity of each LSSRR fragment as they compare to full-length LSSRR. Further analysis 
of LSSRR and LSSRR fragment activity in context involves assessing the looping 
activities of LSSRR in the regulation of Shh expression, as well as epigenetic 
modifications (e.g. histone modifications) of the Lmbr1 gene in which LSSRR is located. 
Studies analyzing epigenetic modifications of Lmbr1 would provide insight on the 
accessibility of LSSRR to transcription factors.  
After determining the functional relevance of regulatory modules and binding 
sites within LSSRR, critical regulatory modules and binding sites needed for LSSRR 
activity can be identified. Mutations in these regulatory modules can be assessed to 
determine if and how they are involved in limb malformations. Identification of critical 
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binding sites will implicate pivotal regulatory factors that interact with LSSRR to 
regulate its activity. Identification of the regulatory factors can provide insight into 
mechanisms used in regulatory regions to localize and regulate target gene activity, as 
well as insight into malformations associated with disruption in regulatory mechanisms. 
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APPENDIX A 
 
TARGETED REGIONAL ELECTROPORATION (TREP) 
ANALYSIS SCORING SYSTEM 
 
 
Targeted Regional Electroporation (TREP) Analysis Scoring System for electroporated 
right limb buds of chick embryos 
 
Include embryos with morphology score ≥ 3, red filter score score ≥ 3, coverage (by 
fluorescent microscopy) ≥ 90% for flow cytometric quantitation 
 
Morphology Scores: effects of TREP on growth and development 
 
 
 
Morphology Scoring Descriptions 
1. There is little/no outgrowth of limb 
2. Slightly more outgrowth than a “score 1” limb 
3. Shape similar to normal limb bud, but right limb is smaller than left limb and may 
have indentations 
4. Closer in size to a “score 5” limb, may have indentations or misshapen edges of 
limb 
5. Smooth, curved edges, no indentations on limb edges. Same size as contralateral 
limb 
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Red Filter Scores: transfection efficiency 
 
 
 
Red Filter Scoring Descriptions 
1. Fluorescence barely distinguishable from background 
2. Dim fluorescence distinguishable from background 
3. Fluorescence bright enough to see expression pattern, expression covers ≥ ½ of 
limb-including ZPA region 
4. Bright fluorescence, may be some bleed through into green filter, expression 
covers ≥ ½ of limb-including ZPA region 
5. Intense fluorescence detectable under red and green filters, expression covers ≥ ½ 
of limb-including ZPA region *all “score 5” embryos have some bleed through 
 
 
Coverage Assessment: transfection (by fluorescent microscopy) 
 
 
 
Coverage Assessment 
• Include limbs with ≥ 90% coverage (by fluorescent microscopy) 
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APPENDIX B 
 
TRANSFECTION EFFICIENCY DATA 
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Targeted regional electroporation (TREP) is an efficient transfection technique. To 
determine the transfection efficiency of targeted regional electroporation (TREP), 
embryonic chick limbs were transfected with either beta-actin (β-actin) driven green 
fluorescent protein (GFP) or red fluorescent protein (RFP). (A) Subsequent limbs were 
assessed by fluorescent microscopy based on morphology and transfection. Fluorescent 
microscopy demonstrated transfection by bright red fluorescence throughout limbs 
containing β-actin driven RFP and bright green fluorescence throughout limbs containing 
β-actin driven GFP. Adequately transfected limbs were retained for flow cytometric 
analysis. (B) Flow cytometric analysis confirms RFP and GFP observed by fluorescent 
microscopy. Representative flow cytometry dot plots are shown for limbs transfected 
with β-actin driven RFP (left) or β-actin driven GFP (right). RFP/GFP fluorescence is 
shown vs. side scatter (SSC). Contralateral, nontransfected left limb (insets) was the 
negative control and was used to guide gate settings for RFP+ and GFP+ populations. (C) 
Flow cytometric analysis quantifies transfection efficiency. (Mean ± SEM for n=4 β-actin 
driven RFP, n=6 β-actin driven GFP). On average, limbs transfected with β-actin driven 
RFP or GFP showed 79% ± 7.0 and 76% ± 5.8. These transfection efficiencies were not 
statistically significant, so the samples were pooled to determine the average transfection 
efficiency, 77% ± 4.3 (n=10 β-actin driven constructs).  Most in ovo transfection 
techniques report approximately 20% transfection. Based on that and our results showing 
greater than 20% transfection, we concluded that TREP is a highly efficient technique.  
 
